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Materials and processes for Hydrogen production and CO2 reuse 
1.1 Introduction 
The population increase and the consequent increased demand for energy and processes with high 
sustainability and efficiency occurred in the last decade are key factors for developing new energy 
production systems. In fact, according to the international Energy outlook 2016 (IEA2016[1]), the 
energy demand will increase for a 48% between 2012 and 2040, most of it produced through fossil 
fuels combustion (about 78% in 2014), similar trend will be followed from increase of greenhouse 
gases and pollutant emissions. With this in mind, researching for renewable energy sources is 
considered necessary. 
Hydrogen is recognized among most as a promising energy vector, in fact H2 has a high energy 
storage capacity (120.7 kJ/mol [2]), no environment impact factor for its use, since its combustion 
product is only water, and the possibility to be used in fuel cells for electricity production. Nowadays 
hydrogen plays a very important role in industrial chemistry: it is involved in the 48% of industry 
production, in particular in ammonia and methanol synthesis. H2 is further used in fuel hydrotreating 
units in refinery processes (hydrodesulfurisation, hydrocracking). Pure H2 is required for 
hydrogenation of oils, hydrocarbons, aldehydes, ketones and production of cosmetics, soaps and 
vitamins. Beside the industrial demand, since the interest in use hydrogen for automotive and 
stationary purpose, an increased volume of hydrogen production will be required. According to this, 
it is needed to consider the safety issues related to its use. A solution to this kind of problem could 
be the use of hydromethane, a mixture of hydrogen and methane, that reduces safety issues almost 
to the same as the methane, and allows the use of the same engines with just little modifications. 
Otherwise hydrogen can be used to prepare methane itself, starting from stored CO2, obtaining 
clean methane and reducing the amount of CO2 emission. Currently, hydrogen is mainly produced 
through catalytic steam reforming of hydrocarbon: natural gas is the preferred source, due to its 
abundance and low price. Catalytic steam reforming of natural gas giving rise to about 48% of the 
hydrogen production. The rest of technologies based on non-renewable sources for the production 
of hydrogen, includes  the partial oxidation, steam reforming of oil fractions (30%), and coal 




only 4% of hydrogen production and yet, being an expensive process, and only 20% of it is actually 
renewable [3, 4].  
The development of technologies for renewable hydrogen production starting from biomasses 
would allow a series of evident advantages such as the development of carbon neutral processes 
and the use of widespread available source both as virgin (grass, trees, shrubs, algae and aquatic 
plants) or residuals (forest residuals, agricultural, municipal and industrial wastes) [5, 6]. 
To increase the production of hydrogen from renewable sources, biohydrogen or renewable 
hydrogen, different approaches are under investigation, in order to reduce GHG (greenhouse gases) 
production and decrease the energy production from fossil fuels. A summary of those technologies 
will be shown below [7, 8]: 
1) Thermochemical technologies: i.e. all the processes involving thermal production of 
hydrogen from different renewable sources. Most important processes belonging to this 
category are: steam reforming, partial oxidation, gasification and pyrolysis of biomass or 
biomass derived intermediates [9]. 
2) Electrochemical technologies: production of hydrogen due to electrochemical splitting of the 
water 
2H2O = 2H2 + O2 
This reaction takes place at the two electrodes of a electrolysis cell, and its limit is due to the energy 
required for the system, so it is convenient only if low price electricity is available. 
3) Photo-biological technologies: one of the latest and less developed techniques is to use 
bacteria and green algae in order to exploit their photosynthesis for the hydrogen 
production, bio-photolysis, photo-fermentation and dark-fermentation are the most worthy 
to be mentioned among these technologies. 
4) Photo-electrochemical technologies: similar to the electrochemical techniques, but in this 
case the energy for the water splitting is due to the sunlight; also these techniques are 
immature and require an improvement in H2 yield. 
 






1.2) steam reforming of renewables 
 
Steam reforming is an endothermic catalytic process in which a carbon feedstock reacts with steam, 
over a base metal or noble one, producing gas containing mainly CO, CO2 and H2 (Syngas), following 
this reaction stoichiometry 
CnHmOy +  (n-y)H2O ⇄ nCO + (n-y+m/2)H2 
coupled with water gas shift reaction (WGS):  
CO+ H2O ⇄ CO2 + H2 
and with dry reforming: 
CnHmOy + (n-y)CO2 ⇄ (2n-y)CO + (m/2)H2 
 
Today, Steam Reforming processes are well-established technologies for the production of H2 from 
fossil fuels at industrial scale.  
Methane and natural gas steam reforming, nowadays the most used process, are based on Ni 
catalysts supported on alumina based carrier, stabilized by alkali or alkali earth cations, performing 
the reaction at a process temperature comprised between 1000 and 1200K. These processes 
present a good H2/CO product ratio that makes it the best technology available among the 
thermochemical processes (Fig. 1.1).  
 
 
Fig.1.1: H2/CO ratio achievable by different technologies starting by naphtha and Natural 





In order to find the best catalytic composition for the Steam Reforming process, many studies have 
been carried out on different carbon feedstocks, methanol, bioethanol, acetic acid, glycerol, C2-C4 
hydrocarbons, bio-oil.  
For each mentioned feedstock, there is a proper catalytic active phase, which preparation and 
testing inspired several studies, increasing the literature on this field during the last decades.  
There are still many undergoing studies in order to offer the best H2/CO ratio, enhance the process 
condition and diminish the costs; in fact the best catalytic formulations and conditions are not yet 
achieved.  
The development of high performance catalysts, increasing their resistance to deactivation, 
poisoning and sintering is another topic of interest in this field.  
 
The most interesting process for this thesis is the Ethanol Steam Reforming (ESR).  
Ethanol, in fact, is very attractive for hydrogen production starting from a renewable source thanks 
to the following features. It has a good hydrogen content, it is widely available, it is non toxic, easy 
to carry, storage and handle, it can be produced renewably by fermentation of biomasses, it is a 
clean fuel and, lately, it doesn’t contain hard abatement pollutants, like Sulphur and heavy metals.  
In this process, the catalyst needs to be able to cleave the C-C bonding in presence of steam, forming 
syngas.  
This reaction is endothermic and occurs at a temperature above 573K. At this temperature the main 
reaction is: 
   C2H5OHg + H2Og ⇄ 2COg + 4H2g   ∆H0298K = +255.5 kJ/mol  
Also in this case, the WGS reaction may occur: 
   COg + H2Og ⇄ CO2g + H2g    ∆H0298K = -41.6 kJ/mol 
Producing a syngas containing CO, CO2 and H2. 
If the WGS equilibrium is shifted to right, i.e. completing this slightly exothermic reaction at low 
temperature the complete conversion of ethanol to CO2 could be obtained: 
   C2H5OHg + 3H2Og ⇄ 2CO2g + 6H2g   ∆H0298K= +173,3 kJ/mol. 
 
Following strictly the stoichiometry, at least 3 moles of water/mole of ethanol are required, which 




the equilibrium to right, a water excess is usually used such as e.g. a steam to carbon ratio of 6. The 
syngas obtained needs a series of purification steps, due the presence of different contaminants 
[11]. 
The reaction pathway of ethanol steam reforming, widely studied in the last decades, is complex, 
several secondary reactions could occur, depending on reaction conditions, among which: ethanol 
dehydrogenation to acetaldehyde, ethanol dehydration to ethylene, ethanol conversion to acetone; 




Nowadays a high number of investigations are currently being undertaken to discover effective 
catalysts, to understand the reaction mechanism, and to develop industrial or pilot scale processes 
for ethanol steam reforming. As said, the best composition for catalysts for ESR, as well as the best 
conditions to perform the process, have not been reached yet. Nowadays the most used catalysts 
for the processes discussed above are the Pt group elements. Noble metals are well known for their 
high activity and have been extensively studied. The catalytic performance of supported noble 
metals (Ru, Rh, Pd, Pt, Ir, Au) catalysts for the ESR has been investigated in the temperature range 




authors used Rh, Pd and Pt with different supports such as alumina and ceria or zirconia. The noble 
metal activity decreases following this order, using the same support: Rh > Pt > Pd. Also the catalyst 
stability was monitored. Rhodium supported on alumina is actually used in many industrial 
processes. The reaction is carried out at temperatures between 50 and 650°C with water /ethanol 
ratio of 4.2-8.4, with or without the addition of O2 for autothermal process. Methane in this case is 
one of the main products whose selectivity decrease with contact time. Compared to other noble 
metals, with this support, Rh appears to be the most active one, and a further increase in activity is 
obtained doping the catalyst with Ni or Ru. Moreover, the catalytic performance of MgO-supported 
Pd, Rh, Ni and Co for ESR t has been widely evaluated.  
Rh/MgO showed the best conversion and stability at 650°C, while Ni exhibited the best selectivity 
to H2 (>95%). The other metals, Pd, Ru and Ir, even if active for this process are not studied as much 
as Ru, due to their lower activity in ESR. Moreover, the high cost of noble metals is the major limiting 
factor in their use for hydrogen production via steam reforming. Therefore, many studies are 
ongoing on non-noble metals. Transition metals represent a main family of heterogeneous catalysts, 
largely applied for both hydrogenations and oxidations processes [13]. Most of the metallic catalysts 
are supported [14]: in fact, carriers such as high-surface area metal oxides or carbon materials allow 
stabilizing metals in the form of very active and stable nanoparticles [15]. Unsupported metals are 
used, such as iron for ammonia synthesis and for the Fischer Trøpsch reaction, Nickel Raney for 
hydrogenations, etc. These materials are in the form of relatively large porous particles and contain 
impurities that actually activate and stabilize them. Recent studies report on the application in 
catalysis of metal nanoparticles [16], i.e. unsupported metal particles with a size of 1-100 nm [17], 
predominantly based on noble metals [18, 19, 20]. Even more recently, bimetallic nanoparticles 
have also been investigated for catalysis: most of these studies are devoted again to bimetallic alloys 
of noble metals [21, 22], usually applied in low temperature applications and in particular to liquid 
phase reactions [23]. Bimetallic nanoparticles are frequently reported to be more active than 
monometallic ones [24]. 
 
1.3 CO2 hydrogenation 
The hydrogenation of CO2 to methane is a possible way to reuse captured CO2, thus reducing the 
emission of greenhouse gases by recycling carbon dioxide [25, 26]. The use of hydrogen produced 




hydrogen allows one to realize the “Power-to-Gas” (PtG) technology in a sustainable way [27, 28]. 
The produced methane, sometimes denominated as Synthetic or Substitute Natural Gas (SNG) [29], 
can be used as a green fuel and injected into existing natural gas pipeline networks. Through CO2 
methanation, “hydromethane”, that is a H2-CH4 mixture, a potentially interesting fuel for 
automotive purposes [30], can be synthesized. 
CO produced by the reverse water gas shift reaction (r-WGS) is an unwanted by-product from CO2 
methanation. Taking into account that methanation is an exothermic equilibrium reaction, catalysts 
for an efficient process must be active at low temperature, very selective and stable in practical 
conditions. Most of transition metals (such as nickel, cobalt and iron), and platinum group metals 
are active for both CO and CO2 methanation reaction. However, the catalysts choice, for both CO2 
and CO methanation reaction, is usually restricted to ruthenium and nickel.  
Ruthenium is more active, especially at low temperatures, and very selective to CH4 starting from 
CO2 [31, 32, 33].  
Nickel is usually less active than Ruthenium, but can also give rise to high selectivities to CH4, 
depending on nickel loading [34]. Moreover, nickel is much cheaper than Ru, allowing using much 
higher metal loadings.  
As for the supports, -Al2O3 is a widely produced and used material [35, 36], with high dispersing 
properties towards metals, thus giving rise to active and stable metal hydrogenation catalysts [37, 
38]. In fact, commercial catalysts for the already well-established CO methanation process in the 
purification of hydrogen (that is for low concentration COx feeds) are based on either 0.3% Ru/-
Al2O3 (low temperature catalysts) or  20% Ni/-Al2O3 (high temperature catalysts) [39]. However, 
catalysts for SNG production, thus using concentrated feeds, may work at high temperatures. The 
use of a 22wt% Ni catalyst on a stabilized support, with a surface area decreasing from 50 m2/g 
(fresh) to 30 m2/g (used) has been reported [40]. In spite of the higher activity of Ru catalysts, 
according to Fechete and Vedrine [41], Ni/Al2O3 is the best known catalyst for industrial CO2 
methanation applications worldwide and it has been commercialized by Evonik, Johnson Matthey, 
Topsøe, and Clariant-Süd Chemie.  
1.4 Supported, unsupported and mechanically supported catalysts 
Transition metals find large application as heterogeneous catalysts for a number of reactions such 




oxides [42]. Supported metal catalysts are mostly produced by impregnation or 
deposition/precipitation processes; this process includes: the metal precursor salts addiction to the 
preformed support, then their decomposition to an oxide, followed by its reduction to obtain the 
metal. Supporting metals might allow to produce very active nanoparticles stabilized towards 
sintering and somehow activated by the interaction with the support [43] and, maybe, to reduce 
the amount of the metal used (an important effect in using precious metals). 
However, unsupported transition metal based nanoparticles, i.e. unsupported metal particles with 
a size of 1-100 nm [44], have also been found to act as promising materials for heterogeneous 
catalytic processes [45, 46]. Most of these works have been devoted to precious metal nanoparticles 
such as gold [47], palladium [48] and platinum [49], which display very high activity. Although 
unsupported Cobalt nanoparticles (CoNPs) are of interest in several fields [50, 51], few studies are 
reported concerning the potential application of CoNPs in catalysis, mostly applied in low-
temperature liquid-phase reactions [52, 53, 54]. In fact, the thermal stability of unsupported metal 
nanoparticles is generally poor, their applicability being usually limited to liquid-phase reactions 
performed at low temperature; alternatively, they may be essentially regarded as model catalysts, 
whose activity is limited to short time-on-stream experiments. On the other hand, the application 
of unsupported metal nanoparticles as catalysts in gas-phase reactions may also arise technical and 
engineering issues (e.g. stability of the bed). 
Few attempts have been reported on the stabilization of pre-synthesized metal nanoparticles 
without losing their strong activity by mechanically supporting them [55, 56]. This procedure could 
result in materials whose behaviour is different from that of conventionally prepared supported 
metal catalysts.  
On the other hand, the nature of the interactions of nanoparticles with the support are not fully 
clear, and they are still object of investigation [57, 58]. The real structure of the interface between 
the nanoparticle surface and the support surface may even strongly depend on the preparation 
method.  
 
1.5 Objective of this thesis 
As said before, the best formulations of both catalysts and reaction conditions are not yet known 




process itself: lowering process temperature, increasing conversion and selectivity to the desired 
product; for the catalysts: decreasing the production cost, the environmental impact and the risk of 
poisoning, due to coke deposition or sintering, enhancing its stability exposed to the reaction 
conditions. With these targets in mind, this thesis is focused on the study of Nickel and Cobalt 
catalysts, in different formulations, for the production of renewable hydrogen and for 
hydrogenation of CO2. 
In particular: 
 (Co,Ni) nanoparticles catalysts for ESR  
 Cobalt nanoparticles catalysts for ESR and CO2 hydrogenation 
 Cobalt supported on Silica catalysts for ESR and CO2 hydrogenation 
 Nickel doped with La2O3 supported on different supports catalysts for CO2 hydrogenation 
 
All the synthesis and morphological and structural characterization of all the samples that will be 
described in this thesis have been performed at the Dipartimento di Chimica e Chimica Industriale 
(DCCI) of the Università degli studi di Genova, under the supervision of prof. Paola Riani and prof. 
Fabio Canepa. The corresponding catalytic tests and the spectroscopic characterization have been 
carried out at Dipartimento di Ingegneria Civile, Chimica e Ambientale (DICCA) of the Università 
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Materials and Methodologies  
 
2.1 Catalysts Preparation 
The catalysts used for this thesis were prepared following different methods well known in 
literature.  
Wet impregnation and incipient wet impregnation have been used for the supported catalysts, 
metal nanoparticles catalysts were instead prepared via reduction method in aqueous solution or 
by thermal decomposition of an appropriate precursor. 
Some other catalysts used were commercial. 
The choice of the support had a relevant importance in the preparation and on the behavior of the 
different catalysts. The supports used, commercially available, all produced by Sasol, are: different 
types of Siralox, an alumina with different percentage of Silica, and Puralox (pure γ-Al2O3). Further 
details on catalysts preparation will be given in the following paragraphs. 
 
2.2 Supported Catalysts 
 
2.2.1 Wet impregnation technique 
Wet impregnation is one of the most used techniques for the preparation of supported metals 
oxides. 
A solution of salts of the chosen metal precursor is placed in contact with the support, and then it 
is dried, in order to eliminate water and allow the crystallization of the precursor on and inside the 
support. 
Finally a calcination step is required in order to oxidize the metal precursor in the final structure. 
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Supported Co-based catalysts have been prepared following this way using Co(CH3COO)2·4H2O, 
CoCl2·6H2O and Co(NO3)3·6H2O as precursor salts. Siralox 5/170, previously calcined at 773 K for 5h, 
produced by Sasol, containing 95% Alumina and 5% SiO2 has been used as support for this catalysts. 
Solution of the salts were prepared and added to the support, then dried for 24h at 363 K. After this 
step, the mixtures were calcined for 5 hours at 773 K.  
 
2.2.2 Incipient wet impregnation technique 
Incipient wet impregnation has a different approach respect to the wet impregnation technique. In 
this case, in fact, the solution containing the precursor salt has the same volume, or slightly less, 
than the pore volume of the support. With this technique different Ni-and Co- based catalysts with 
different La2O3 loadings and on different supports have been prepared. The chosen supports have 
been calcined at 1023 K for 5h. Then a solution of the salt have been prepared and added dropwise 
to the support. The so obtained mixture were then dried 12h at 363 K, and calcined at 1023K for 5h. 
 
2.3 Unsupported metal nanoparticles 
Co and (Co,Ni) nanoparticles were prepared via reduction in aqueous solution, using different 
precursor salts. Co nanoparticles were also prepared  by thermal decomposition of Co2(CO)8 . For 
the monometallic particles, CoCl2·6H2O and Co(NO3)3·6H2O, were used as different precursor salts, 
while for bimetallic nanoparticles both CoCl2·6H2O and NiCl2·6H2O were used as precursor salts; in 
all cases NaBH4 have been used as reducing agent. Different procedures were followed to separate 
and purify the nanoparticles. This step have a key role for the morphology and the activity of the 
nanoparticles and will be discussed with more details in the experimental paragraphs of the related 
chapters. 
 
2.4 Material Characterization 
Different techniques were used to characterize both fresh and after catalysis samples. In this section 




Before crystallographic investigation, unsupported Me NPs samples were usually annealed at 500°C 
for 3 hours under inert atmosphere, in order to increase the samples crystallinity. 
X-ray diffraction patterns were carried out on samples by using a vertical powder diffractometer 
X’Pert with Cu Kα radiation (λ= 0.15406 nm). Patterns were usually collected in 20-100° 2θrange 
with a step of 0.02° and a counting time for each step of at least 16s. Powder patterns were indexed 
by comparing experimental results to the data reported in the Pearson’s Crystal Data database [1]. 
FT-IR spectra were registered with a Nexus Thermo Fisher instrument with 100 scans and spectra 
resolution of 2 cm-1. KBr pressed disks were used for skeletal characterization with a 1 wt.% catalyst 
and a disk total weight of 1.00 g. Pure powder pressed disks were used for surface characterization. 
The disks were previously activated by outgassing at 773 K for 1 h. After activation, 50 Torr of CO2 
(SIAD, 99.99% grade) was introduced into the cell. After 10 min, brief outgassing at room 
temperature was realized and IR spectra recorded. 
Ultraviolet, Visible and Near Infrared Spectroscopy analysis were conducted with a Jasco V-570 that 
operates in diffuse reflectance basing on a BaSO4 baseline. The sample preparation were carried out 
milling the catalysts in a mortar, pressing the powder in the sample holder, obtaining a self sustained 
disk. The collected signal acquired in absorbance range scale is converted in Kubelka-Munk units. 
DC magnetization was performed in a dc-Superconducting Quantum Interference Device (SQUID) 
magnometer (MPMS-Magnetic Properties Measurement System, Quantum Design) with resolution 
better than 10-6 emu (RSO option). The room temperature magnetic hysteresis cycle was obtained 
in the 0-50Tesla μ0H magnetic field range. 
Scanning Electron Microscopic analyses were performed by the SEM ZEISS SUPRA 40 VP, with a field 
emission gun. This instrument is equipped with a high sensitivity “InLens” secondary electrons 
detector and with a EDX microanalysis OXFORD "INCA Energie 450x3". For SEM analysis, 
unsupported metallic nanoparticles, were suspended in ethanol and exposed to ultrasonic 
vibrations to decrease the aggregation; a drop of the resultant mixture was finally deposed on a 
Lacey Carbon copper grid. On the contrary, supported catalysts (powders) were directly mounted 
on a high purity conductive double sided adhesive carbon tabs, and the specimen so obtained was 
then imaged and analyzed  
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Surface area measurements were performed in a Micromeritics Autochem 2920 with a single point 
measurement. The samples were pretreated in He at 523 K in order to desorb or decompose 
potentially adsorbed surface species. 
Temperature Programmed Reduction with H2 (H2-TPR) was used to identify and evaluate the 
reducibility of the various nickel species present on the alumina-supported catalysts. In a typical H2-
TPR test, the as-calcined catalyst was reduced by a 10% H2/Ar gas mixture, while the temperature 
was increased from RT to 1173K at a rate of 15 K/min.  
X-ray photoelectron spectroscopy (XPS) was conducted by using the Thermo Scientific 
monochromatic Al K-alpha line (1.4866 keV) as the excitation source. Binding energies were 
measured on a multi-channel detector with pass energy of 50 eV and energy step of 0.05 eV for 
high-resolution scans and 0.5 eV for survey scans. Spectral regions are Ni2p, Al2p and La3d. All the 
spectra were referenced to the elemental carbon at binding energy (BE) of 284.8 eV. Quantification 
of surface components was based on the peak fitting and normalization of Ni (2p 3/2), La (3d 5/2), 
and Al (2p) primary peaks.  
 
2.5 Catalytic Characterization 
During this Ph.D. work, two different processes were studied. Steam Reforming and Carbon dioxide 
hydrogenation. The tests were carried out mainly in temperature ramp in order to evaluate the 
catalysts activity during the processes. Another test that should be performed is on the catalysts 
stability, that is for sure one of the interesting parameters when working in steady state conditions 
and might be further developed in future works.  
In this paragraph, the experimental setup of both the line will be shown.  
 
2.5.1 Ethanol Steam Reforming (ESR) and Methane Steam Reforming (MSR) 





Figure 2.1: Scheme of the steam reforming catalytic line. 
 
The carrier gas, Helium, is fed to the line controlling the flow rate through a dedicated Mass Flow 
controller. The liquid solution, ethanol-water (methanol-water) is fed through a HPLC pump into the 
preheating section in order to vaporize it. In this section, it is mixed with the carrier gas and the 
gaseous mixture flow to the fixed bed tubular reactor, made in silica glass, and collocated inside a 
furnace that can reach a temperature of 1273 K. The outlet gas passes through a condenser where 
condensable products or non converted reactants are separated, and then is vent out. In between 
the furnace and the condenser is collocated the sampling point. The analysis of the products and 
the reactants is made through GC and GC/MS techniques. Both the Mass Flow controller and the 
HPLC pump, and the GC results, were calibrated before every catalytic campaign.  
The experiments were carried out in a flow fixed bed tubular glass reactor loaded with 7.4 mg of 
nanoparticles catalyst, or 44.1mg of supported catalysts mixed with respectively 476.5 and 442 mg 
of silica glass (60-70 mesh sieved). The solution feeding the plant had the following composition: a 
6:1 Water:Ethanol molar ratio and 41.6% of Helium as gas carrier, with GHSV = 51700 h-1.  
The pre-heating and post-heating sections was kept at a temperature comprised between 480 K and 
510 K. Product analysis was performed with a gas-chromatograph Agilent 4890 equipped with a 
Varian capillary column “Molsieve 5A/Porabond Q Tandem” and TCD and FID detectors in series. 
Between them, a nickel catalyst tube was employed to reduce COx to CH4. Products analysis was 
also performed on GC/MS (FOCUS and ISQ from Thermo-Fisher), in order to identify the compounds. 
Experiments were always carried out in temperature ramp, in order to evaluate the catalytic activity 
at different temperature; moreover catalysts stability were also tested, over time, at the 
temperature corresponding to the maximum catalytic activity, in order to evaluate the catalyst 
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activity and its deactivation due to poisoning or coking. The temperature ramp tests were carried 
out at the following temperatures: 523K, 573K, 673K, 773K, after achieving the last temperature, 
the same temperature steps were followed during the descending ramp as shown in Figure 2.2. In 
the case of ESR the choice of this temperature range is related to the aim of developing efficient 
catalysts for “low temperature” where an efficient balance in energetic effect might be achieved 
and where CO2 is more favored than CO and thus a higher H2 yield might be achieved. 
 
 
Figure 2.2: Temperature Ramp used during the ESR experiments. 
 
For the quantitative studies the following relations have been used:  
Reactants conversion is defined as:  
Xreactant =
nreact. in −  nreact. out 
nreact. in
 
Selectivity to a xi product as: 
Si =
ni





Where ni is the moles number of compound i, νi is the ratio of stoichiometric reaction coefficients, 
nreact in and out are respectively the number of moles of ethanol (methane) at the inlet and the 
outlet of the reactor. 
The hydrogen yield is calculated as:  
YH2 =
nH2 out
6 ∗ (nethanol in)
 
 
2.5.2 CO2 hydrogenation experiments 
For these experiments the line used is shown in the following Fig. 2.3 
 
Figure 2.3: Scheme of the line use for the CO2 methanation. 
 
The gases are fed to the line through three different lines, in particular for N2, CO2 and H2. The flow 
rate of each line is controlled by a dedicated Mass Flow controller, calibrated before every new test 
campaign.  
The gas mixture is fed to the fixed bed tubular reactor, made by silica glass, sited inside a furnace, 
capable to reach 1273 K. The outlet gas passes first through a condenser, kept at 273 K, in order to 
abate the water coming out of the reactor, then through an IR cell and then is vented outside. The 
experiments were carried out using a reactor loaded with 88.2 mg of catalyst, on case of supported 
ones, and with 16 mg of nanoparticles catalysts, mixed up with 700 mg of silica glass (60-70 mesh 
sieved). The total flowrate was 42 ml/min with a H2:CO2 ratio 5:1. GHSV was equal to 52300 h-1. In 
the case of methanation, the exothermal behavior is setting the operating temperature and 
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according to the literature it is well-known that Ni based catalysts work in 623-673 K range in CO 
methanation. Each temperature was kept for 30 minutes÷1 hour, ensuring the steady state 
conditions and/or evidence of deactivation processes. 
It should be underlined that during catalytic tests of different samples, the catalyst weight, to 
compare unsupported and supported nanoparticles, was chosen to maintain the weight of active 
phase unaltered, i.e. weight of Co and/or Nickel in the present case. The experiments were designed 
in the way to keep constant the GHSV in between the two processes; a brief calculation in the WHSV 
gives rise to a difference that approaches 30%, and might be reasonably acceptable. 
 
Online products analysis was performed using a Nicolet 6700 FT-IR instrument. A previous 
calibration of the instrument is carried out using gas mixtures with known concentrations, in order 
to have quantitative results. The frequencies analyzed, where CO2, CH4 and CO molecules absorb 
weakly, were :2293 cm-1 for CO2, 2170 cm-1 for CO, 1333 cm-1 for CH4 (after subtraction of baseline) 
Produced water was condensed upstream of the IR cell. 
Quantitative analysis were carried out through IR spectroscopy, using the following relations:  
 
CO2 conversion:  







Yield of the i species: 




Selectivity to i product:  
   𝑆𝑖 =
𝐹𝑖
𝐹𝐶𝑂2 𝑖𝑛 − 𝐹𝐶𝑂2 𝑜𝑢𝑡
 
where Fi is the molar flow rate of i (i.e. CO and CH4), while FCO2 is the molar flow rate of CO2, all 
expressed in mol/min. In order to investigate kinetic aspects, the catalysts were pretreated as 
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previously reported. In this case, 88.2 mg of supported-catalysts were diluted in 350 mg of silica 
glass.  
To study the CO2 reaction order, CO2 partial pressure was varied between 0.02 atm and 0.07 atm 
while maintaining constant hydrogen partial pressure (pH2 = 0.30 atm). The reaction temperatures 
were fixed at 493 K and 523 K for Nickel based catalysts, where the hypothesis of a differential 
reactor can be applied (CO2 conversion in 3-15% range). The same procedure and hypothesis were 
made to study the reaction order with respect to H2 concentration, where pH2 was varied from 0.03 
atm to 0.28 atm at constant pCO2 (0.07 atm). At low temperature, an estimation of the apparent 
activation energy of CO2 methanation was done, using the conversion values obtained under kinetic 
control at 493 K, 523 K and 573 K, thus deriving Arrhenius- type plots [2]. 
The amount of liquid water formed during reaction was measured at the end of each experiment, 
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Preparation and characterization of Co NPs and their activity in 
ESR and CO2 methanation 
 
3.1 Introduction. 
In the era of nanotechnology, catalysis by metal nanoparticles became a relevant field of 
investigation. In fact, a number of methods were developed allowing the preparation of well-
characterized and shaped metal nanoparticles [1]. Moreover, metal nanoparticles are indeed very 
efficient catalysts for a number of organic reactions, as shown in the case of Pd nanocrystals [2]. 
Cobalt is an active catalyst for a number of hydrogenation reactions. It has been used, mostly 
supported such as e.g. the Co/Al2O3 or Co/SiO2-ZrO2 catalysts, in the low-temperature Fischer 
Tropsch process [3], CoO/SiO2 and CoO/SiO2-Al2O3, CoO/ZrO2-Kieselguhr catalysts for 
hydrogenation of oxoaldehydes and amination of alcohols and the reductive amination of aldehydes 
and ketones for the manufacture of ethylamines and propylamines [4, 5, 6, 7]. 
Unsupported cobalt has been used in the past for Fischer Trøpsch synthesis [8], while Raney-type 
“sponge” cobalt is commercially available for use in the hydrogenation of nitriles and nitro 
compounds to amines [9].  
Unsupported cobalt catalysts produced by reducing Co oxide where found to be very active for ESR 
[10, 11, 12]. Moreover, our group found that unsupported cobalt nanoparticles (NPs), prepared by 
reducing Co chloride with NaBH4, may act as very good catalysts for ESR at least upon short time on 
stream experiments [13].   
Because the synthetic procedure of nanoparticles strongly affect their morphological and 
compositional properties and it has a strong effect on their catalytic activity, in a previous work of 
the research group it has been clarified the effect of boron-based byproducts on the catalytic activity 
in ESR process catalyzed by Co NPs [14].  
To go further on our investigations concerning ESR, CO2 hydrogenation and cobalt based catalysts 
for these reactions, different cobalt precursor salts have been used to prepare CoNPs by reduction 
in aqueous solution of NaBH4, in order to investigate the possible role of the different anions on the 
catalytic activity of the synthetized materials. Moreover, a further improvement has been achieved 
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preparing Co nanoparticles without using of NaBH4 and thus removing completely the presence of 
B in the final product, allowing investigating Boron-free unsupported Cobalt nanoparticles as 
heterogeneous catalysts. 
3.2 Experimental 
The Co nanoparticles were prepared via reduction method in aqueous solution, starting from 
CoCl2·6H2O or Co(NO3)2·6H2O, as precursor salts and using NaBH4 as reducing agent. The reaction 
was carried out using a 1.5*10-2 molL-1 final concentration of the corresponding aqueous solution, 
and a ratio Me2+:BH4
- varying, depending from the precursor salt: it is equal to 1:4 for CoCl2·6H2O, 
and equal to 1:10 for Co(NO3)2·6H2O. The solution is maintained under vigorous mechanical stirring 
for 15 minutes. The appearance of the nanoparticles is easily observable due to the abrupt change 
in the solution color that becomes black. The Co NPs were then collected by filtering on a Gooch G4 
filter, washed several times, dispersed, and, finally, dried under vacuum. Instead one of the sample, 
sample B, after filtration has been dispersed in ethanol and slightly sonicated for 30 s in a low-power 
ultrasonic bath, in order to promote the following reaction: 
2Co2B  +  Co(BO2)2   →   5 Co   +   2B2Ox.  eq. 3.1) 
Moreover Co nanoparticles were also prepared by Co2(CO)8 thermal decomposition in anhydrous 
toluene. Before all the syntheses, washing cycles were performed, specifically three cycles of 
vacuum alternating with three cycles of Argon to make the environment of an inert reaction. 
Toluene and dicobalt octacarbonyl were then injected into the flask, using amounts such as to obtain 
a solution at a concentration of 1.5 * 10-2 molL-1. The solution is kept under reflux for 2 hours; the 
Co NPs were then collected by filtering on a Gooch G4 filter, washed several times, and finally, dried 
under vacuum. 
In Table 3.1, experimental conditions adopted to synthetize the Co-based catalysts are summarized.  
Table 3.1:  
Sample Precursor Co2+/BH4
- Separation method 
A cobalt chloride 1:4 filtration 
B cobalt nitrate 1:10 filtration then 
sonication in air 
C cobalt nitrate 1:10 filtration  
D dicobalt octacarbonyl - filtration 
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The Ethanol Steam Reforming catalytic experiments were carried out as reported in paragraph 2.4.1, 
using 7.3 mg of catalyst mixed with 440 mg of silica glass particles. 
CO2 methanation experiment were carried out using the conditions described in paragraph 2.4.2, in 
particular using 16 mg of catalyst and 700 mg of silica glass particles. 
 
3.3 Results and discussion 
 
3.3.1 Characterization of the fresh catalysts 
Different cobalt precursor salts have been used to prepare CoNPs by reduction in aqueous solution 
of NaBH4, in order to investigate the possible role of the different anions on the catalytic activity of 
the synthetized materials, since the already deep knowledge on the effect of preparation 
parameters [14]. 
Thus, sample A has been prepared with the already tested methodology [13, 14] while a new 
synthetic procedure has been developed with Co(NO3)2·6H2O as precursor salt with a BH4
-:Co2+=10 
but exposing the obtained nanomaterial to different atmospheres. To our knowledge, this is the first 
attempt in the literature that aim and achieve to synthesis Co based nanopowders starting with 
nitrate precursor. A further improvement has been carried out in order to avoid the use of NaBH4 
and thus removing completely the presence of B in the final product, allowing to investigate Boron-
free unsupported Cobalt nanoparticles as heterogeneous catalysts. 
As from our previous work [13, 14, 15], all the prepared nanoparticles result to be completely 
amorphous after synthesis and washing procedures. Thus, all samples have been annealed with the 
well-established procedure (773 K for 2 hours in Argon atmosphere).  
In Figure 3.1, the XRD patterns of the annealed samples are reported. Samples A and C, even if they 
are prepared from different cobalt precursors but same separation procedure, display very similar 
diffraction patterns with two different crystalline phases: i) metallic cobalt (Co, cF4-Cu), and ii) Co3B, 
approximately in the same quantities. Co3B could arise from the solid-state reaction occurring at 
high temperature [16, 17]: 




Figure 3.1: XRD patterns of the fresh catalytic materials 
 
A different diffraction pattern is observed in the case of B annealed nanopowders, where the main 
observed crystalline phase is cubic metallic cobalt with a very small quantity of CoxB. A pretty similar 
situation is observed in the case of D, where two different metallic cobalt crystalline structure are 
identified, with a predominance of the cubic structure with respect to the hexagonal one. 
In Figure 3.2, the IR spectra of the investigated samples are reported together with the spectra of 
two commercial reference compounds, i.e. Co3O4 and CoCO3.  
 
Figure 3.2. Skeletal FT-IR spectra (KBr pressed disks) of the fresh catalytic materials. 
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The spectrum of Co3O4, also reported in the figure, is in good agreement with spectra reported in 
literature [18, 19, 20]. In fact, spinel IR spectrum foresees four triply degenerated IR active modes 
(from the 39 possible optical modes), two of which fall in the MIR. Both bands in the MIR region are 
split into two components, which can be attributed to TO / LO (transverse and longitudinal optical 
modes, respectively) components [19, 20]. We find the maxima in the spectrum of our reference 
Co3O4 sample at 663 and 566 cm-1, i.e. in intermediate positions with respect to those expected for 
TO and LO modes. It is in fact known that the transmission IR spectra of bulk particles are strongly 
dependent on the size, shape [21] and aggregation [22] of particles, that in fact modify the relative 
intensities and splittings of these polar modes. CoCO3 displays only the feature at 1463 assigned to 
CO32- species, while no components are observed at lower wavenumbers. For the samples arising 
from the NaBH4 synthetic route (A, B, C), only broad components appear at 1484 and 1392-76 cm-1 
together with weak features centered at 1062, 992 and 725 cm-1. For the samples B and C, together 
with the above mentioned features two additional weak components are observed at 673 and 592 
cm-1 that well play with the presence of cobalt oxidised species, i.e. in the form of Co3O4. According 
to the literature [23, 24], borate species present quite different characteristic spectra for different 
boron oxygen compounds. Planar BO33- groups show bands in the region 1500-1200 cm-1, due to the 
asymmetric B-O stretching, together with features near 940 cm-1 due to symmetric B-O stretching 
and the corresponding in-plane and an out-of-plane bending modes near 740 and 650 cm-1, 
respectively. Tetrahedral borate species give rise to asymmetric and symmetric B-O stretchings in 
the region 1100-900 cm-1. The observed features are similar to those reported Al2O3-boria samples 
[23, 24], where, as in this case, the main borates are found as trigonal planar with a second 
component that might be assigned to the presence of tetrahedral borates. Similar features have 
been also found for nanosized Cobalt catalysts for the NaBH4 hydrolysis [25], on the unsupported 
CoNPs and on mechanical deposited Co nanoparticles on -alumina [26].  
A slightly different situation is observed for D, where three main features are detected: the former 
two arising from carbonate species (1400 and 1491 cm-1) which can be associated either with 
surface or bulk cobalt carbonates [27]. The latter one is found at 510 cm-1 and well agrees with the 
value reported for fcc CoO material [28]; in our case, it can be an indication of some surface 
oxidation, since the absence of the corresponding CoO characteristic XRD pattern. It has to be 
remarked that no organic compound have been evidenced on this sample suggesting that a proper 
drying procedure has been carried out. 
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In Figure 3.3 the morphologies of the fresh synthetized Co-based nanoparticles are shown.  
 
Figure 3.3 FE-SEM micrographs of the fresh catalytic materials. (a): sample A; (b): sample B; (c): 
sample C; (d) and (e): sample D (different magnification). 
Co NPs produced by reduction synthesis (Fig. 3.3 a, b and c) are agglomerate and they have a quite 
globular shape with an average diameter varying in the range 10-30 nm. Co NPs produced by 
thermal decomposition are agglomerated in long chains (Fig.3.3d) and they show two different 
morphologies (Fig.3.3 d, e): bigger platelets, with a diameter of about 50 nm and smaller rounded 
particles with an average diameter of about 20 nm. 
3.3.2 Catalytic activity in CO2 hydrogenation 
In Figure 3.4, the profiles arising from CO2 methanation in the ascending and descending 




Figure 3.4. On-line FT-IR transmission/absorption analyses of the product gases upon catalytic 
hydrogenation experiments on samples: B (a), C (b), and A (c).  
 
The calculated CO2 conversion and CO and CH4 yields are listed in Table 3.2. 
 
T furnace [K] X CO2 Y CH4 Y CO 
523 7%→4% 5%→4% 1% 
573 18%→15% 11%→10% 8%→7% 
623 35%→30% 22%→14% 15%→16% 
673 45%→43% 26%→16% 25%→28% 
723 51%→42% 17%→6% 38%→36% 
773 49% 4% 45% 
723 43% 5% 38% 
673 25% 3% 22% 
623 10% 1% 9% 
573 3% 1% 2% 
523 2% 0% 2% 
Table 3.2: CO2 hydrogenation results in terms of CO2 conversion, CO and methane yields 
In all cases, CO2 conversion is lower than 5% and no methane is detected among products, thus on 
these materials CO2 hydrogenation to methane is completely hindered. However, the only 
detectable product is CO, produced mainly by reverse water gas shift reaction (eq. 3.3). 
CO2 + H2  ⇄ CO +H2O   eq 3.3) 
The profile for CO production slightly differs as a function of the starting nanomaterial. In particular, 
C (Figure 3.4b) is the catalyst with the lowest catalytic activity in reverse WGS even though some CO 
is already produced at the minimum reaction temperature (523 K) and its yield remained almost 
constant for each temperature step in the increasing temperature experiment (523-673 K). This 
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catalyst is completed deactivated in the RWGS reaction after the step at 723 K (in increasing 
temperature) and it does show any remarkable catalytic activity in the decreasing temperature 
experiment. When the catalyst is exposed for a brief sonication in atmosphere, a slightly different 
catalytic activity is observed (sample B, Figure 3.4a). As observed before no methane is produced 
but RWGS activity is slightly enhanced already at 523 K. Interestingly, in this case, by a temperature 
increase, activity is increased but a sever deactivation occurs at each temperature step with a 
behaviour similar to the one observed for Co/SiO2 when acetate is used as precursor [see Chapter 
5]. However, after the step at 723 K the catalyst is completely deactivated and again no recover is 
observed in the decreasing temperature experiment. This suggests that a key-role in RWGS activity 
is played by cobalt-oxidised species that are easily deactivated under CO2 hydrogenation conditions. 
A different situation is observed for catalyst A; it demonstrates a shift of RWGS activity to slightly 
higher temperatures than those observed for C catalyst (figure 3.4c); in fact, only above 523 K, a 
limited activity in CO production is observed and a steady state behaviour for each step can be 
envisaged. At this point, the limited activity can be due mainly to two different reasons: i) poisoning 
arising from borate species or ii) negligible activity of Co unsupported Cobalt nanoparticles. In order 
to clarify it, boron has been removed from preparation procedure and the profiles are reported in 
Figure 3.5. 
 
Figure 3.5. On-line FT-IR transmission/absorption analyses of the product gases upon 




In the case of D catalyst, a remarkable activity is seen in CO2 hydrogenation to both methane and 
CO already at the minimum reaction temperature and the catalyst works in steady state conditions, 
even though a slightly deactivation is observed in terms of CO2 conversion (from 7% to 4%). A 
temperature increase to 573 K produces a higher catalytic activity but together it brings an even 
stronger deactivation that is much more remarkable for methane yield (11 to 8%) than for CO. A 
similar situation is observed upon temperature increase at 623, 673 and 723 K where CO yield 
remains almost constant, few percentages of difference are observed, while a reduction of 40-60% 
is observed for methane yield. However, also in this case the temperature of 723 K is a critical one 
for Co based materials and afterward the catalysts loses 80% activity in terms of methane yield while 
it remains active as RWGS catalyst (49% CO2 conversion, 45% CO yield). In the decreasing 
temperature experiment, the main product is CO and no deactivation in RWGS is observed 
suggesting that an irreversible catalyst modification happened at 723 K and it is not recovered by 
decreasing T experiment. This behaviour is similar to the one reported for Cobalt@silica catalysts 
when acetate is used as cobalt precursor and the catalytic performance is far away from the one 
predicted by thermodynamic equilibrium in the same conditions (see Chapter 5). These results 
suggest that boron is mainly affecting hydrogenation ability of Co catalysts thus hindering 
completely catalytic activity and, as well, the presence of boron in the form of borides is detrimental 
for unsupported cobalt nanoparticles used as catalysts for CO2 methanation. On the other hand, B-
free unsupported Co nanoparticles are active in CO2 hydrogenation confirming that Co is an active 
metal for this reaction [29], but they suffer of strong deactivation after reaching 723 K. This can be 
due to the partial oxidation occurring at water expenses during catalytic test; in fact Co oxidised 
species are reported as responsible for enhanced RWGS activity and CO presence might favour the 
Boudouard reaction that produces carbon deposition on catalysts surface (reaction 3.4) 




3.3.3 Catalytic activity in ethanol steam reforming 
 




















523 6% 0% 1% 1% 1% 0% 0% 0% 0% 98% 0% 1% 
573 36% 1% 8% 1% 3% 5% 0% 0% 0% 91% 0% 0% 
673 71% 17% 40% 10% 15% 45% 0% 0% 0% 28% 0% 0% 
773 89% 31% 67% 6% 8% 70% 0% 0% 0% 16% 0% 0% 
673 62% 24% 50% 6% 4% 79% 0% 0% 0% 11% 0% 0% 
573 11% 1% 3% 1% 1% 12% 0% 0% 1% 85% 0% 0% 
523 1% 0% 0% 0% 0% 0% 0% 0% 14% 86% 0% 0% 
Table 3.3: : Ethanol conversion and products selectivities in ESR over C sample 
 
In Table 3.3 data on C catalyst are reported. This catalyst shows negligible catalytic activity at low 
temperature with acetaldehyde as main product. It becomes more active at 573 K where again 
dehydrogenation reaction is the predominant one. Steam reforming activity rises up at 673 K where 
ethanol conversion reaches 71% with a hydrogen yield of 40% limited mainly by the copresence of 
acetaldehyde (28% selectivity). At the maximum reaction temperature, i.e. 773 K, ethanol is not 
completely converted (89%), hydrogen yield reaches 67% being CO2 the main product together with 
acetaldehyde, CO, CH4 whose are responsible for the limited hydrogen yield. By decreasing the 
reaction temperature, back to 673 K ethanol conversion is reduced to 62% against the 71% value 
obtained in the increasing temperature e experiments, but steam reforming reaction producing CO2 
displays an even higher activity with respect to the one observed in increasing temperature, mainly 
achieved for the reduction of acetaldehyde selectivity (11% against 28%). Below 573 K, ethanol 
steam reforming activity is hindered and ethanol conversion is lower than 15% with acetaldehyde 





T(K) X C2H6O X H2O Y H2 S CH4 S CO S CO2 S C3H6 S CH3CHO S C4H8O2 
523 7% 0% 1% 1% 2% 0% 1% 96% 1% 
573 30% 0% 6% 1% 3% 3% 0% 87% 7% 
673 64% 8% 25% 3% 7% 25% 0% 63% 0% 
773 73% 23% 51% 10% 17% 61% 0% 12% 0% 
673 38% 9% 21% 6% 6% 45% 0% 43% 0% 
573 7% 1% 2% 1% 2% 16% 2% 80% 0% 
523 1% 0% 0% 0% 0% 0% 7% 93% 0% 
Table 3.4 )   Ethanol conversion and products selectivities in ESR over B sample 
 
On sonicated B sample, table 3.4, similar activities are obtained, even though a slight decrease in 
ethanol conversion is observed at all temperatures but more pronounced at 673 K and 773 K where 
a loss of 20% in terms of hydrogen yield is observed, achieving a value of 51 %. A more remarkable 
deactivation is observed in the decreasing temperature experiment already at 673 K where a loss of 
activity of approximately 50% is achieved. By further lowering reaction temperature, ethanol 
conversion further reduces below 10% and with an almost complete selectivity to acetaldehyde.  
 



















523 34% 0% 6% 2% 3% 1% 0% 0% 93% 0% 0% 1% 
573 37% 1% 8% 2% 5% 6% 0% 0% 75% 0% 12% 0% 
673 84% 7% 28% 4% 10% 17% 4% 0% 57% 2% 6% 0% 
773 100% 39% 82% 8% 11% 77% 2% 0% 1% 0% 0% 0% 
673 54% 1% 12% 1% 1% 18% 26% 0% 28% 2.5% 1% 0% 
573 7% 0% 1% 0% 0% 4% 1% 2% 87% 4% 2% 0% 
523 1% 0% 0% 0% 0% 5% 0% 4% 87% 4% 0% 0% 
Table 3.5: Ethanol conversion and products selectivities in ESR over A catalyst 
 
The results on A catalyst (see Table 3.5) are almost similar to the ones reported in our previous 
works on nanoparticle containing boron in the form of borides but with a reduced borate quantity. 
In this case, an already remarkable conversion is observed at lower temperature with acetaldehyde 
and ethyl acetate as main products at low temperature. Ethanol conversion rises up at 673 K even 
though a still remarkable acetaldehyde selectivity remains, thus limiting to 28% hydrogen yield. At 
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the maximum reaction temperature (773 K), hydrogen yield reaches 82 % together with a limited 
selectivity to methane and CO (6 and 98% respectively, and an acetaldehyde selectivity of 1%, being 
CO2 the main product (77% selectivity) 
A remarkable deactivation is observed in the decreasing temperature experiment with a severe 
reduction of 30% in ethanol conversion. 



















573 15% 0% 2% 1% 2% 2% 0% 0% 80% 0% 3% 2% 
673 41% 0% 6% 4% 12% 3% 11% 0% 64% 0% 2% 4% 
773 100% 36% 76% 14% 12% 73% 0% 0% 0% 0% 0% 0% 
673 63% 3% 17% 4% 8% 13% 7% 0% 50% 11% 0% 6% 
573 9% 0% 2% 1% 2% 2% 1% 0% 87% 4% 0% 3% 
523 8% 0% 1% 1% 1% 2% 1% 1% 90% 4% 0% 0% 
Table 3.6: Ethanol conversion and products selectivities in ESR over D catalyst 
 
Ethanol conversion is limited at 573 K with acetaldehyde as main product but with several by-
products as ethane, acetone and ethylacetate. A temperature increase enhances activity but still a 
poor activity toward steam reforming is observed. At the maximum temperature (773 K), ethanol is 
completely converted with CO2 as main product (73%) and with the coproduction of only methane 
and CO (14 and 12% selectivities, respectively) thus arriving to a hydrogen yield of 76 % that well 
plays with the values previously observed for A sample. A remarkable increase in ethanol conversion  
and hydrogen yield (17% against 5% in the increasing temperature) is achieved by lowering the 
reaction temperature to 673 K but a slight loss in selectivity is found; in fact, together with 
acetaldehyde (50% selectivity), acetone (11% selectivity), ethylacetate and propylene are found 
among products. As observed for all other cases, a further decrease in the reaction temperature 
produces mainly a reduction of conversion with the predominance of acetaldehyde as product, 
mainly arising from ethanol dehydrogenation reaction. 
This further confirms that boron in the form of borate is deactivating ESR but enhancing ethanol 
decomposition reaction to produce methane and CO. Moreover, by comparing these data with the 
one of CO2 hydrogenation we can conclude that all the methane produced is mainly arising from 
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ethanol decomposition and not from COx hydrogenation, since the nil activity of A, B, and C catalysts 
for this reaction. Boron in the form of borides in the unsupported cobalt nanoparticles does not 
affect catalytic activity in ESR, but a small contribution in COx hydrogenation might be foreseen for 
Co metal particles synthetized for Co2(CO)8 precursor. 
 
3.3.4 Characterisation of exhaust samples 
All the exhaust catalysts have been characterized by means of XRD and FE-SEM after their use both 
in the Ethanol steam reforming and in CO2 methanation processes. 
In Figure 3.6, the diffractograms of the catalysts after methanation experiments are reported.  
 
 
Figure 3.6. XRD patterns of the spent catalysts after methanation experiments. 
 
It is possible to distinguish for all of them, two different crystalline phases; the first one is the 
metallic Co with the cubic structure (cF4-Cu) while the second one is always metallic Co but with the 
hexagonal structure (hP2-Mg), that is stable under 693 K. This means that at equilibrium only the 
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hexagonal form should appear, but in practice the transformation from cubic to hexagonal, being a 
solid state process is kinetically inhibited; so in this case partially occurred, while in other case it 
doesn’t occur at all. In the diffraction pattern of sample D also a very broad peak around 2theta 
equal to 26° appears, assignable to the presence of graphitic carbon.  
In Figure 3.7, the diffraction patterns of the catalysts after steam reforming experiments are 
reported.  
 
Figure 3.7. XRD patterns of the spent catalysts after ethanol steam reforming experiments 
 
It is possible to distinguish for all of them the main features of graphitic carbon (2theta=26° and 
43°); moreover in the samples synthetized by reduction in aqueous solution with NaBH4, we can 
observe the peaks of CoO crystalline, as minority phase. In all the catalysts the majority phase is the 
metallic Co with the cubic structure (cF4-Cu); especially in samples A and C together with the peaks 
of the cubic structure also those of the hexagonal structure (hP2-Mg), can be distinguished.  
Representative FE-SEM micrographs of the catalysts after methanation experiments are shown in 
Figure 3.8, where it is possible to observe that nanoparticles of all the samples are grown in 




  A     B     C 
Figure 3.8. FE-SEM micrographs of the spent catalysts after methanation experiments. 
 
In Figure 3.9 FE-SEM micrographs of the materials after steam reforming experiments are shown. 
For all the catalysts it is possible to identify well dispersed nanoparticles in a matrix of carbon 
nanotubes, as always observed for Co-based nanoparticles catalysts after this process [13, 14, 15]. 
 
Figure 3.9. FE-SEM micrographs of the spent catalysts after ethanol steam reforming experiments 






The main conclusion of this work are the following: 
 It is possible to obtain Co-nanoparticles by reduction with sodium borohydride even 
if nitrate cobalt precursor is used, without any change in the morphology of the 
synthetized NPs. 
 It seems that no effect of the precursor is observed on catalytic activity, while 
residual boron has a strong effect on catalytic activity.  
 In particular Boron deactivates Co catalysts in CO2 methanation, and not only hinders 
the rWGS reaction but it avoid the formation of C-H bonds. The presence of Co2+ 
species seems to catalyse RWGS reaction, even though a fast deactivation is observed 
for all NaBH4-based NPs.  
 Unsupported cobalt nanoparticles produced by carbonyl are active in the CO2 
hydrogenation, however they suffer of deactivation due to carbon deposition in the 
form of encapsulating carbon through Boudouard reaction.  
 In ESR the presence of oxidized cobalt species reduces H2 yield and ethanol 
conversion favoring ethanol dehydrogenation reaction 
 In ESR the absence of boron slightly reduces the hydrogen yield and this might be 
due to a small activity in COx hydrogenation of bare Co metallic particle. Thus the 
fundamental understanding of the role of boron is here further clarified  
 The exhaust materials are mainly composed by cubic metallic cobalt coupled with the 
presence of hcp cobalt. In ESR a clear carbon deposition is observed for all catalysts 
while for CO2 methanation a weak feature coming from graphitic carbon is observed 
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Preparation and characterization of Co NPs and their activity in ESR 
 
Our research group reported previously on the preparation and characterization of transition 
metal nanoparticles (NPs), in particular Nickel [1] and Cobalt [2, 3, 4], and on their application 
to a high-temperature catalytic reaction, the Ethanol Steam Reforming (ESR), to produce syngas 
and hydrogen; this process is potentially useful for producing renewable hydrogen starting from 
bioethanol [5, 6]. In these studies was found that, although Ni catalysts are most commonly 
used for steam reforming reactions, Co NPs may be, depending on preparation conditions, even 
more active than Ni nanoparticles and are also more performant and stable (at the laboratory 
conditions and timescales) than conventionally prepared catalysts for this application. 
A common method for producing metal nanoparticles, both of noble metals (such as e.g. 
platinum [7]) and of the less easily reducible transition metals [8], is to reduce metal salts with 
sodium borohydride (NaBH4). We have, however, shown that the resulting nanoparticles can be 
contaminated by boron impurities, that, depending on the preparation history of the samples, 
can act as deactivating agents or not [17]. In particular, we found that the presence of borates 
tends to reduce activity of Co NPs based catalysts, while the presence of cobalt borides may be 
not deactivating [17]. 
Concerning conventional supported catalysts, we previously found that alloying Nickel with 
Cobalt [9, 10, 11, 12, 13] may produce even better catalysts than monometallic ones for ESR, 
even because the nature of the support has been reported to have a considerable effect on the 
activity of the metal [14, 15, 16].  
In this chapters are described synthesis of unsupported (Co,Ni) nanoparticles, and their activity 
as catalysts for Ethanol Steam Reforming. The aims of this work are: i) to check the effect of the 
preparation procedure on the resulting (Co,Ni) nanomaterials, ii) to evaluate the effect of the 
bimetallic formulation and on the role of boron impurities in a complex system and iii) to 
elucidate the chemistry of the ESR process for (Co,Ni) NPs.  
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4.1 NPs preparation of bimetallic nanoparticles.  
The (Co,Ni) nanoparticles were prepared via reduction method in aqueous solution, starting 
from NiCl2·6H2O, CoCl2·6H2O and using NaBH4 as reducing agent. The reaction was carried out 
using a 1:1 (samples A, B, C, D, E) or 2:1 (sample F) or a 4:1 (sample G) concentration ratio 
between Co(II) and Ni(II) chloride salts, in order to reach a final concentration of 10-2 M for 
metals in solution, with a Me2+:BH4
- ratio equal to 1:2.  
The aqueous salt solution was kept under vigorous mechanical stirring in Argon atmosphere; 
once obtained a good homogeneity, sodium borohydride was added. Its addition caused a rapid 
change in the solution color that turned into black, confirming the appearance of the 
nanoparticles. The reaction mixture was maintained under vigorous mechanical stirring for 15 
minutes, then the (Co,Ni) NPs were collected using different methods (centrifugation sample D, 
filtration samples A, B, F, G, filtration followed by sonication samples C, E), washed several times 
and, finally, dried and stored in dynamic vacuum. As already observed for Co NPs [2, 3, 17] the 
washing procedure strongly affects the purity of the sample. This is related to the adopted 
reducing agent that could leave boron in the final product, thus producing metal borides 
together or instead of the corresponding metals. This inconvenient can be avoided by washing 
in open air, thus converting the boron impurities into borates, which can be then removed 
during the washes with water. 
The notation of the samples and their main characteristics are summarized in Table 4.1.  
 













A filtration 1 1 1 0.13 
B filtration 1 1 1 0.23 
C sonication 1 1 0.43 0.24 
D centrifugation 1 n.m.* n.m.* 0.4 





4.2 Result and discussion 
 
4.2.1 Separation, behavior and characterization of catalyst D, separated by centrifugation  
 
The separation of the (Co,Ni) NPs from the reaction medium has been performed through 
centrifugation carried out applying the following process parameters 7500 rpm and a total time of 
15 min, followed by washing in deionized water, then in ethanol and drying under vacuum. 
According to previous indications, this procedure guarantees a long contact time between 
nanoparticles and an oxidizing atmosphere, thus producing the conversion of boron in the borides 
to borates as much as possible. The sample has been characterized by means of XRD before 
annealing (not shown), providing evidence of a complete amorphicity of the sample, and after 
annealing in Ar at 773 K for 3 h. In this case (Figure 4.1), crystalline B2O6M3 (M=Ni, Co) with an 
orthorhombic structure pertaining to space group number 58 (oP22, Mg3(BO3)2 type) is present 
together with the features of cubic metallic (Ni,Co) solid solution (cF4-Cu type). 
F filtration 0.50 0.52 1 0.13 
G filtration 0.25 0.26 1 0.18 




Figure 4.1: XRD of annealed sample under investigation. In the inset, the peak at 2theta=76.3° has been 
magnified, showing the formation of the alloy between Ni and Co. 
 
FE-SEM micrograph identifies (Co,Ni) NPs of the order of 50 nm (not shown here) with a 
Co/O=Ni/O≈ 0.2 atomic ratio, obtained by EDX, demonstrating again the compresence of both 
metals and the quite high oxygen content, suitable with the results coming from other techniques. 
The high oxygen presence is confirmed by the presence of borates by IR spectroscopy (Figure 4.2) 
characterized by the features in the region 1500-1200 cm-1 and 900-700 cm-1 due to borates with 
different configurations (i.e. planar and tetrahedral) [18,19,20]. Planar BO33- groups are 
characterised by asymmetric and symmetric B-O stretching in the 1500-1200 cm-1 and 1000-900 
cm-1 regions respectively; instead, in-plane and an out-of-plane bending modes are found near 740 




Figure 4.2: IR spectra of fresh investigated catalysts in the characteristic skeletal region (1600-400 cm-1) 
 
Tetrahedral borate species have characteristic asymmetric and symmetric B-O stretchings in the 
region 1100-900 cm-1 [198, 19]. Similar features have been also found for nanosized Cobalt 
catalysts for the NaBH4 hydrolysis [20], for the unsupported [2, 17] and for supported CoNPs [17]. 
 
4.2.2 Separation, behavior and characterization of catalysts C and E, separated by filtration and 
successive washing in deionized water for three times  
The separation of the (Co,Ni) NPs from the reaction medium has been performed through filtration 
and successive washing in deionized water for three times. Then (Co,Ni) NPs were dispersed in 20 
ml of absolute ethanol (>99.8%) and sonicated under Argon flow for 1 minute, in order to convert 
all eventual borides to borate species and thus enhancing the production of amorphous (Co,Ni) 
metallic NPs. Two samples have been prepared and characterized to evaluate data reproducibility. 
In this case, the XRD pattern of the annealed samples (Figure 4.1) shows only the characteristic 
45 
 
peaks of metallic (Co,Ni) cubic alloy. A representative peak (2theta=76.3°) has been magnified in 
inset of Fig. 4.1 showing that the maximum is in-between the peaks of pure annealed Co and Ni 
metals.
 
Figure 4.3: FE-SEM micrographs in secondary electrons for representative samples: C (3a), B (3b) and G 
(3c). 
In Figure 4.3, FE-SEM micrographs show (Co,Ni) NPs with a maximum diameter of ≈20 nm; their 
composition has been obtained by SEM-EDX analysis and has been quantified by a Co/Ni=1 and a 
Co/O= Ni/O= 2.0 (average on 10 spots) atomic ratio, for both samples. HAADF-STEM images 
confirmed the morphology observed at FE-SEM (Fig. 4.4a). 
 




The STEM-EDX elemental maps show a slightly Ni-richer surface and a Co-rich core of the NP 
agglomerates. Moreover, elemental quantification carried out by STEM-EDX (three areas including 
a large number of NPs) indicates the presence of B (B/Co=0.42), and the atomic ratio between Co 
and Ni inside the nanoparticles (Ni/Co=0.99), thus confirming the achievement of the proper 
stoichiometric ratio. The results of IR analysis (see Fig. 4.2) confirm, for both samples, the goodness 
of our method showing the typical features of borates species with a lower intensity than that 
observed in the previous case(sample D). 
 
4.2.3 Separation, behavior and characterization of catalyst B, separated by filtration and successive 
washing in deionized water for ten times.  
The separation of the (Co,Ni) NPs from the reaction medium has been performed through filtration 
and successive washing in deionized water for ten times, in order to remove all the anions and 
cations from the reducing agent and salt precursor, i.e. Na+ and Cl-. Then the sample has been dried 
under dynamic vacuum. The annealed sample (Fig. 4.1) shows the characteristic diffraction pattern 
of the orthorhombic BMe3 (Me=(Co,Ni) oP16, Fe3C) together with the features of cubic metallic 
(Ni,Co) solid solution (cF4-Cu type). The BMe3 presence might be explained by taking into account 
the complex solid state reactions network (reaction 1 and 2) reported in the literature [21,22] 
occurring at 773 K and in inert atmosphere for Co based materials, supposing that also Ni gives rise 
to the same reactions pathways (1 and 2, where Me=Co, Ni). 
2Me2B + Me(BO2)2 → 5Me + 2B2Ox  (1) 
Me2B + Me → Me3B    (2) 
FE-SEM micrograph (Fig. 4.3b) identifies (Co,Ni) NPs with a maximum diameter of 20 nm  and with 
a Co/O=0.8 and Ni/O=0.5 atomic ratio, obtained by SEM-EDX analysis. HAADF-STEM images 
confirmed the morphology observed at FE-SEM (Fig. 4b) and also the spatial distribution of Co and 
Ni over the NPs observed in the sample C. 
Elemental quantification carried out by STEM-EDX indicates the presence of a higher B content 
compared to sample C (B/Co=B/Ni≈1), also confirmed by the absorbance value of the borates peaks 
measured at IR, and the achievement of the proper stoichiometric ratio between Co and Ni inside 
the nanoparticles (Ni/Co=1). 
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In Figure 4.2, IR spectra of fresh sample B is reported and the typical feature for borates are still 
well detectable according to the fingerprint bands at 1400, 1100 and 950 cm-1. The band at 1400 
cm-1 has a comparable absorbance to the one of C. 
 
4.2.4 Separation, behavior and characterization of catalysts A, F and G, separated by filtration and 
successive washing in deionized water for three times and dried under dynamic vacuum 
The separation of the (Co,Ni) NPs from the reaction medium has been performed through filtration 
and successive washing in deionized water for three times and dried under dynamic vacuum, in 
order to prevent NPs oxidation. In this case, the preparation have been performed for three 
different concentration ratios between Co(II) and Ni(II) chloride salts: 1:1 for sample A, 2:1 for 
sample F and 4:1 for sample G, always preserving the final concentration of 10-2 M for metals in 
solution, with a ratio Me2+:BH4
- equal to 1:2. The different stoichiometric ratios have been chosen 
in order to study the effect of the different Ni/Co ratio on the catalytic activity.  
In Figure 1 (samples F and G), the annealed samples show the same peaks BMe3 (Me=(Co,Ni) oP16, 
Fe3C) together with the features of cubic metallic (Co,Ni) solid solution (cF4-Cu type). In this case, 
the sample seems to be enriched in the cubic metal phase with respect to sample B that are similar 
to the pattern of A (not reported, since good data reproducibility as evidenced for E and C). In 
Figure 3d, FE-SEM micrograph of sample G (reported as meaningful example) identifies (Co,Ni) NPs 
with a maximum diameter of 20 nm and with a Co/O=Ni/O≈3 ratio, obtained by SEM-EDX analysis. 
This datum well compare with the IR analysis (Figure 4.2) that shows relatively broad features for 
borates species. 
Elastically-filtered (zero-loss) TEM and HAADF-STEM images of these samples (Figure 4.5 a,b,c), 
respectively, confirm the morphology observed by FE-SEM. Elemental quantification indicates, for 
all the three samples, the presence of a high B content (B/Co=B/Ni=1) and the Co/Ni atomic ratio 
within the nanoparticles (Ni/Co=1 for A, assessed by STEM-EDX, and Ni/Co=0.26 for G and 




Figure 4.5: (a) HAADF-STEM image of sample A and (b,c) elastically filtered (zero-loss) TEM images of 
samples (b) F and (c) G. 
 
4.3 Magnetic measurements 
In Figure 4.6, the room temperature magnetic hysteresis cycles of two representative samples, 
namely E and A, are reported. Both samples display the same anhysteretic behavior with no 
saturation magnetization reached at the highest explored field (0H = 5 Tesla). Very low values of 
the coercive field are reached for the two samples, namely 2 Oe (0.2 mT) and 9 Oe (0.9 mT) for 
samples E and A, respectively. Both systems are, thus, in the superparamagnetic regime, 
confirming the very small dimensions of the nanoparticles. 
 
Figure 4.6: Room temperature magnetic hysteresis cycles of E and A samples. 
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4.4 Catalytic activity results 
 
4.4.1 Effect of borate species on catalytic activity 
In order to evaluate the effect of borates on the catalytic activity of (Ni,Co) NPs the catalytic 
behavior of the following samples A, B, D and E, all with a Ni/Co ratio ≈ 1 but separated with 
different procedures, will be compared, after tests at a GHSV of 324000 h-1. It has to be remarked 
that the following order, in terms of borates concentration on the fresh samples, has been 
evaluated by means of IR spectroscopy (Figure 2): D > E > A > B).  
In Table 4.2, the catalytic activity of the sample D is summarized. This sample, according to XRD 
on the annealed sample, contains both crystalline borate and the metals solid solution. 
 
Table 4.2: Catalytic activity of sample D in ESR at GHSV 324000 h-1, ethanol and water conversion, hydrogen 
yield and selectivities to carbon products. 







523 1% 0% 0% 0% 0% 0% 0% 100% 0% 0% 
573 15% 0% 3% 2% 3% 0% 0% 95% 0% 0% 
673 100% 16% 44% 29% 32% 31% 2% 5% 1% 0% 
773 100% 32% 69% 21% 12% 68% 0% 0% 0% 0% 
673 83% 15% 39% 21% 20% 39% 3% 16% 0% 0% 
573 15% 1% 3% 4% 6% 6% 0% 80% 0% 4% 
523 3% 0% 1% 0% 0% 0% 0% 100% 0% 0% 
 
By looking at the catalytic activity, it has a limited ethanol conversion at low temperature (i.e. 1% 
at 523 K) with acetaldehyde as the only detectable product, produced by ethanol 
dehydrogenation.  
(3)           CH3CH2OH  CH3CH=O + H2 
A temperature increase (573 K) produces an increased ethanol conversion with the presence of 
acetaldehyde, methane and CO, being produced by ethanol catalytic decomposition.  
(4)   CH3CH2OH  CH4 + CO + H2 
likely with the intermediate formation and further decomposition of the same acetaldehyde 
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(5) CH3CH=O  CH4 + CO  
At 673 K, ethanol is completely converted and a hydrogen yield of 44% is achieved, with methane, 
CO and CO2 selectivities of ~30% each, suggesting that both ethanol decomposition (4) and 
ethanol steam reforming (ESR, 6) are occurring. 
(6) CH3CH2OH + 3 H2O  2 CO2 + 6 H2 
Small amounts of acetaldehyde and acetone are also observed suggesting that ethanol 
dehydrogenation reaction (4) still occurs while aldol condensation of acetaldehyde followed by 
dehydrogenation and decarbonylation also occurs to some extent. A further temperature 
increase to 773 K produces an increased CO2 selectivity by a faster ESR reaction and a maximum 
hydrogen yield of 69%. A slight deactivation is observed when comparing the ascending and 
descending temperature experiments, suggesting that carbon deposition may occur resulting in 
deactivation of ethanol decomposition more than ESR. However, at 573 and 523 K the situation 
is similar to the one reported for the increasing temperature experiments with acetaldehyde as 
the main product.  
The sample E after annealing is mainly composed by the cubic (Ni,Co) alloy, as discussed in 
paragraph 4.2, while the as cast sample presents the characteristic features of surface borates 
when characterized through FT-IR. In this case, the catalytic activity, summarized in Table 4.3, is 
similar to the one reported for D at 523 and 573 K while at 673 K ethanol conversion is still far 
from 100% (i.e. 93%) and hydrogen yield approaches 40%. 
 
Table 4.3: Catalytic activity of sample E in ESR at GHSV = 324000 h-1, ethanol and water conversion, hydrogen 
yield and selectivities to carbon products. 
T (K) X C2H6O X H2O Y H2 S CH4 S CO S CO2 S CH2CH2 S CH3COH S C3H6O 
523 4% 0% 1% 0% 0% 0% 0% 100% 0% 
573 13% 0% 2% 3% 4% 0% 0% 93% 0% 
673 93% 13% 39% 28% 34% 27% 0% 10% 2% 
773 100% 31% 65% 24% 10% 66% 0% 0% 0% 
673 81% 12% 33% 26% 26% 30% 2% 16% 1% 
573 15% 0% 3% 6% 8% 2% 0% 84% 0% 




At the maximum reaction temperature, a hydrogen yield of 65% is obtained and some 
deactivation is again present in the decreasing temperature experiment. 
The catalytic activity of sample B is summarized in Table 4.4. 
 
Table 4.4: Catalytic activity of sample B in ESR at GHSV 324000 h-1, ethanol and water conversion, hydrogen 
yield and selectivities to carbon products. 
T(K) X C2H6O X H2O Y H2 S CH4 S CO S CO2 S CH3CHO S C3H6O 
523 18% 0% 3% 4% 6% 1% 89% 1% 
573 28% 1% 6% 3% 6% 3% 88% 0% 
673 97% 17% 48% 24% 36% 32% 7% 1% 
773 100% 36% 75% 17% 8% 75% 0% 0% 
673 83% 14% 39% 18% 27% 31% 22% 1% 
573 8% 0% 2% 4% 6% 3% 87% 0% 
523 4% 0% 1% 0% 0% 0% 100% 0% 
 
Despite the same applied conditions, in this case, a remarkable ethanol conversion is already 
obtained at 523 K with acetaldehyde as main product (89% selectivity) together with CO and 
methane (6% and 4% selectivities, respectively) as by-products. As observed in all other cases, 
ethanol conversion increases by increasing the reaction temperature but, in this case, a slightly 
higher hydrogen yield (75%) is obtained mainly at the expenses of methane and CO selectivities. 
By lowering the reaction temperature at 673 K, the catalyst loses 10% of its catalytic activity and 
again this is assignable to the reduced ethanol decomposition activity, since the constant value 
observed for CO2 selectivity. Below 673 K, ESR activity is nil (at 573 K, 6% CO2 selectivity) and the 
main reaction is again the dehydrogenation of ethanol to acetaldehyde and its further 
decomposition. 
The sample showing the lowest amount of borates (A, Table 4.5) is even more active at low 
temperature in the production of acetaldehyde, CO and CH4 (32% ethanol conversion) but its 







Table 4.5: Catalytic activity of sample A in ESR at GHSV 324000 h-1, ethanol and water conversion, hydrogen 
yield and selectivities to carbon products. 
T(K) X C2H6O X H2O Y H2 S CH4 S CO S CO2 S CH2CH2 S CH3CH3 S CH3CHO S C3H6O 
523 32% 0% 6% 5% 8% 1% 0% 0% 85% 1% 
573 10% 0% 2% 3% 6% 2% 0% 0% 89% 0% 
673 71% 10% 30% 14% 27% 23% 1% 0% 34% 1% 
773 100% 39% 81% 12% 7% 81% 0% 0% 0% 0% 
673 55% 22% 22% 20% 40% 17% 1% 2% 20% 1% 
573 13% 0% 3% 4% 8% 4% 0% 0% 84% 0% 
523 2% 0% 0% 1% 2% 0% 0% 0% 96% 0% 
 
At 673 K, the conversion has the worst values (71%) among the compared catalysts due mainly to 
the lowered activity in acetaldehyde decomposition reaction. An opposite situation is observed 
at the maximum tested temperature where the best hydrogen yield is observed (82%). In the 
decreasing temperature experiments, the observed catalytic behavior is similar to the one 
reported for the other samples with a non-negligible deactivation for the investigated system as 
already reported of Co [17].  
The comparison of the data concerning samples D, E, B and A, shows, according to IR analysis, a 
decrease of the amount of borate species (D > E > B > A), and a roughly inversed steam reforming 
activity at 773 K (H2 yields 68%  65% < 75% < 81%, for D, E, B and A, respectively). Thus, a negative 
role for the presence of borate species is confirmed. The same trend is also found for ethanol 
conversion at 523 K (0.8 % (D) < 4.0 % (E) < 18.0 % % (B) < 32.4 % (A)) where acetaldehyde is by 
far the main product in all cases. This suggests that the sites allowing acetaldehyde 
dehydrogenation at low temperature can become sites for steam reforming at a temperature 
sufficiently high to activate water.  
It seems interesting to compare the behavior of sample D, the richest in borates, with that of a 
very similar pure Cobalt sample (Ni free), reported in reference [3] (i.e. denoted as D). The 
comparison shows that a strong enhancement of catalytic activity at 673 K is achieved by 
substituting half of the Co amount with Ni. At this temperature, an ethanol conversion of 100% 
(YH2 =44%) is achieved with the bimetallic catalyst against the 60% for the monometallic Co NPs 
(YH2=17%), with the main production of C1 gases (CO, CH4 and CO2, selectivities 30% approx.) and 
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the detection of extremely low amounts of acetaldehyde, which is instead the main product for 
bare CoNPs. A second effect can rely on the reduced deactivation observed upon the decreasing 
temperature experiment; in fact, by comparing the data at 673 K, bimetallic NPs reduce their 
activity by a 20% that rise up to 50% for monometallic Co NPs.  
Again by comparing the behavior of these two borate-rich samples, hydrogen yield at the highest 
tested temperature is similar in the two cases and this is mainly due to the still uncomplete 
conversion of ethanol over monometallic borate-rich Co NPs that compensate the higher CH4 
selectivity observed for bimetallic borate-rich (Co,Ni) NPs. This might suggest that the addition of 
Nickel to the formulation of Co nanoparticles can partially overcome to the deactivation induced 
by the presence of borates, which can, on the other hand, protect the NPs from ageing in oxidant 
environment, i.e. open air, as discussed in the following paragraph.  
 
4.4.2 Effect of B/Co ratio and of the presence of borides (samples C and B as synthetized and after 
ageing) 
The effect of B/Co has been investigated by considering samples with the same Ni/Co ratio ≈1 
and a comparable amount of borates as determined on fresh catalysts by means of IR 
spectroscopy. As previously reported, sample B is characterized by a B/Co atomic ratio ~ 1 and, 
after annealing, contains the cubic metal alloy and the boride BMe3. After annealing, sample C 
shows only the characteristic cubic metal alloy solid solution, while the B/Co has been estimated 
to be ~ 0.43 on the fresh nanopowder.  
Tables 4.4 and 4.6 report the catalytic activity data of samples B and C, respectively. 
 
Table 4.6: Catalytic activity of sample C in ESR at GHSV 324000 h-1, ethanol and water conversion, hydrogen 




















523 38% 0% 7% 4% 6% 0% 0% 89% 1% 0% 0% 
573 13% 0% 3% 3% 5% 3% 0% 88% 0% 1% 0% 
673 94% 13% 42% 23% 43% 22% 1% 8% 1% 0% 1% 
773 100% 29% 62% 25% 13% 62% 0% 0% 0% 0% 1% 
673 83% 13% 38% 18% 32% 27% 1% 19% 2% 0% 1% 
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573 14% 0% 3% 4% 8% 4% 0% 82% 0% 2% 0% 
523 4% 0% 1% 1% 2% 2% 0% 94% 0% 0% 0% 
 
The catalytic activity of these two samples is similar, suggesting that the presence of metal boride 
phase has a negligible effect.  
These two catalysts have also been tested after ageing, performed by leaving (Ni,Co) NPs in open 
air for 30 days. Ageing of sample C did not significantly change the IR spectrum, where the band 
assignable to borates at 1410 cm-1 did not change its absorbance. As reported in Table 4.7, 
compared to Table 4.6, the catalytic activity of sample C did not change significantly after ageing. 
In order to strengthen ageing process, the same catalyst has been exposed to ambient air at 473 
K for 10 minutes; also in this case no modification of the IR spectrum and of the catalytic activity 
(not reported) have been observed. 
 
Table 4.7: Catalytic activity of aged sample C in ESR at GHSV 324000 h-1, ethanol and water conversion, 
hydrogen yield and selectivities to carbon products. 
T (K) X C2H6O X H2O Y H2 S CH4 S CO S CO2 S CH3CHO S C3H6O 
523 8% 0% 1% 3% 3% 1% 93% 0% 
573 14% 0% 3% 3% 4% 1% 91% 0% 
673 94% 12% 38% 26% 36% 23% 12% 1% 
773 100% 34% 72% 18% 10% 72% 0% 0% 
673 67% 8% 25% 18% 20% 23% 34% 1% 
573 12% 0% 2% 3% 4% 4% 88% 0% 
523 3% 0% 1% 2% 2% 3% 91% 0% 
 
A complete different situation is observed in the IR spectrum of the catalyst B, where a drastic 
increase of the band at 1410 cm-1 is evident after ageing (Fig. 4.7), and also results in a strong 





Figure 4.7: IR of fresh and aged B and C samples 
 
The behavior of sample C suggests that, despite the lower catalytic activity of borate containing 
(Ni,Co) NPs, a protective effect can be played by surface borate in avoiding ageing of nanoparticles 
(e.g. irreversible poisoning).  
Thus, as already reported for CoNPs, the presence of boron in the form of borates in the fresh 
nanoparticles has an evident negative effect (reduction of ethanol conversion and hydrogen yield) 
in the catalytic activity while a positive one is evidenced in the reduced ageing of this materials 
when aged or manipulated in a non-controlled atmosphere. On the other hand, the presence of 
boride species does not influence negatively the catalytic activity, but the catalyst is more prone 
to deterioration by ageing.  
 
4.4.3 Effect of Ni/Co ratio (samples A, F and G).  
To evaluate the effect of Ni/Co ratio, catalysts with the same B/Co ratio and quite comparable 
borates content have been considered. The compared samples are: A (Ni/Co=1), F (Ni/Co=0.52) 
and G (Ni/Co=0.26). Additionally, Ni-free Co sample from our previous work (sample A labeled in 
[3) is also taken into account, while data on a Co-free Ni sample are considered, also reported 
previously [1].   




Table 4.8: Catalytic activity of sample G in ESR at GHSV 324000 h-1, ethanol and water conversion, hydrogen 
yield and selectivities to carbon products. 
T (K) X C2H6O X H2O Y H2 S CH4 S CO S CO2 S CH2CH2 S CH3CHO S C3H6O 
523 5% 0% 1% 0% 0% 0% 0% 100% 0% 
573 13% 0% 2% 3% 5% 0% 0% 92% 0% 
673 100% 13% 41% 30% 39% 25% 2% 3% 2% 
773 100% 43% 87% 9% 3% 88% 0% 0% 0% 
673 88% 10% 34% 23% 32% 21% 1% 9% 0% 
573 15% 0% 3% 5% 8% 2% 0% 85% 0% 
523 4% 0% 1% 0% 0% 0% 0% 100% 0% 
 
The comparison with the data concerning sample A (Table 4.5) shows that sample G is definitely 
more active at any temperature, with higher performances in ESR at 773 K, providing 87 % yield 
in H2 at 773 K. This sample also shows full selectivity to acetaldehyde at 523 K, but high 
selectivities to methane (23-30 %) at 673 K. The data concerning sample F (not shown) are 
intermediate between those of samples A and G. If compared with Co-free Ni NPs [1], catalyst G 
appears to be definitely more selective to ESR, with lower methane production. In contrast, if 
compared with Ni-free Co NPs [3] sample G is more active with a lower acetaldehyde production.  
It seems that the (Co,Ni) bimetallic nanoparticles may improve the catalytic behavior, with a 
reduction of the ethanol (or acetaldehyde) decomposition activity of nickel, and an improving of 
the activity of cobalt.  
In order to further check the role of Nickel in the bimetallic formulation, the GHSV has been 
reduced by a factor five (from 324000 h-1 to 51700 h-1), and experiments have been reported for 
523 K. As previously reported for Co NPs [3], a decrease of space velocity is not affecting high 
temperature performances, while a strong effect is detectable at low temperature suggesting 
that, also in this case, the experiments are conducted in a proper kinetic regime. In these 
conditions, ethanol conversion that is 0% for Co NPs, rises at 42% for (Co,Ni) NPs (Ni/Co =0.26) 
and is 92% for Ni NPs [1]. However, a complete change in product distribution is also observed in 
these conditions (see Figure 4.8): for (Co,Ni) NPs the main products, with an almost complete 
selectivity, is acetaldehyde with a small coproduction of CO and CH4, while for Ni NPs the main 
products are methane and CO while yield to acetaldehyde is found to be lower than 12%. This 
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further confirms that Ni addition may increase catalytic activity of monometallic Co NPs. 
Monometallic CoNPs do not catalyze ethanol decomposition at low temperature; this reaction is 
faster on Ni catalysts.  
 
Figure 4.8: Effect of gas space velocity and Ni content in (Co,Ni) NPs in ESR condition at 573 K 
 
4.5 Characterization of the catalytic materials after catalysis. 
After catalysis, the exhaust catalysts have been characterized by means of XRD and FE-SEM. 
In Figure 4.9, the diffractograms of representative catalysts after increasing and decreasing 




Figure 4.9: XRD of exaust samples 
It is possible to distinguish for all of them two different crystalline phases; the former one is the 
(Co,Ni) solid solution with a cubic structure (cF4-Cu) while the latter is assignable to the presence 
of graphitic carbon (2theta=25° and 44°). According to our previous studies on unsupported Co 
[3] and Ni [1] nanoparticles, the XRD of the exhaust catalysts present the Cubic structure for Co 
while a metastable hexagonal (hcp) structure, stabilized by the presence of Carbon, for Ni. 
However, according to the present study, bimetallic (Co,Ni) NPs are found with the cubic structure 
with no evidence of Ni hcp structure, supporting the formation of a solid solution, between the 
two metals. Representative FE-SEM micrographs are shown in Figure 4.10, where it is possible to 
identify well dispersed nanoparticles in a matrix of carbon nanotubes. 
 
 
Figure 4.10: FE-SEM micrographs of a representative exaust sample (G): image acquired collecting 
secondary electrons on the left and back-scattered electrons on the right. 
 
Also SEM-EDX analysis on bright particles (as observed in figure 10 (right) with BSE signal) reveals 
after catalytic tests the co-presence of both Ni and Co, suggesting that no preferential 
rearrangement (i.e. preferential growth of carbon on Ni, with sequential segregation) occurs in 








The data described and discussed above allow to obtain the following conclusions:  
1. The reduction of Ni and Co chlorides by sodium borohydride allows to produce (Co,Ni) bimetallic 
nanoparticles with a quite homogeneous particle size of about 20 nm. These particles, originally 
amorphous, crystallize into the cubic structure (cF4-Cu) solid solution alloy after annealing in inert 
atmosphere.  
2. The washing and separation procedures leave boron impurities in the sample. The separation 
procedure and thermal treatments determines the amount and state of boron impurities, mainly 
in the form of borates or borides.  
3. The bimetallic nanoparticles are active in ethanol conversion in the presence of steam. The 
presence of boron impurities, however, affects the catalytic activity. The presence of borate 
species is associated to weaker catalytic activity. However, the catalysts can be aged without 
losing activity. Reversely, the presence of borides does not affect activity but is associated to 
catalysts that lose activity upon ageing.  
4. For low Boron catalysts, the addition of Nickel to Cobalt nanoparticles improves the catalytic 
activity in ethanol steam reforming allowing yields as high as 87 % at 773 K, at high space 
velocities (GHSV 324000 h-1). 
5. In particular, the addition of Ni to Co increases catalytic activity while the presence of Co reduces 
the tendency of Nickel to produce methane by ethanol decomposition. Consequently, the sample 
with Ni/Co = 0.26 appears to be a better catalyst than pure Ni and pure Co, with very high activity 
at very low contact times. The performances of these catalytic unsupported nanoparticles appear 
to be better than those of conventional supported catalysts.  
6. Carbonaceous materials, such as carbon nanotubes and graphitic carbon, form on the catalyst 
surface upon reaction.  
7. Metallic particles are active in ESR even without any support. This implies that the surfaces of 
both nickel and cobalt particles, and their alloys, possess in reaction conditions the functionalities 
for activating both water and ethanol. The effect of the supports is most likely an indirect one, 
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Preparation of SiO2 supported cobalt catalysts and their activity in 
ESR and CO2 methanation 
 
The COx hydrogenation reactions and the steam reforming reactions are essentially the inverse ones 
of the others. The “microreversibility principle” accounts for the good activity of materials based on 
the same active phase for both reactions. However, just because they are essentially inverse 
equilibrium reactions, ones of them (hydrogenations including methanations) are exothermic and 
must be carried out at low temperature (573-773 K), while the others (steam reforming processes) 
are endothermic and must be carried out at high temperatures (873-1173 K). Thus, the stability 
requirements for the catalysts are different.  
On the other hand, catalysts for ESR should result in low methane coproduction. Methane 
production during ESR can come from methanation of CO and/or CO2, a successive by-reaction, or 
by cracking of ethanol or acetaldehyde, essentially a parallel by-reaction. In previous studies carried 
out by our research group, Ni-based catalysts for both ESR [1] and CO2 methanation was tested. In 
spite of the high activity of Ni-based catalysts in methanation, we concluded that they produce 
methane during ESR mainly through cracking of ethanol or acetaldehyde [2].  
We also reported on cobalt-based catalysts for ESR and found that they frequently produce low 
amounts of methane. Our studies included unsupported cobalt nanoparticles [3,4], mechanically 
supported cobalt nanoparticles Co/-Al2O3 [5], impregnated Co/-Al2O3 [6] and Co/CeO2-ZrO2 [7], 
coprecipitated Co/ZnO-Al2O3 [8] as promising catalysts for this reaction.  
To go further on our investigations concerning ESR, CO2 hydrogenation and cobalt based catalysts 
for these reactions, we prepared Co/SiO2 catalysts using two different precursors and we tested 
them in both reactions. Silica was of an interesting support for us, because Co/SiO2 was reported to 
be a good catalyst also for ESR [9] and silica is quite a stable material and is nearly inert against 
adsorption and activation of both ethanol and CO2. This allows us also to evaluate the role of the 








Commercial Silica gel (Carlo Erba, SBET 350 m2/g) has been used as catalyst support after calcination 
at 823 K for 3 h. The synthesis of Cobalt based catalysts has been carried out by wet impregnation 
starting from different metals precursors (Co(NO3)2*6H2O and Co(CH3COO)2*4H2O)) aqueous 
solution, keeping a total Co loading of 20 wt.%. The catalysts have been then dried at 373 K overnight 
and then calcined at 823 K for 3 hours. The notation for the samples will be the following: Co/SiO2 
(N) and Co/SiO2 (A) for nitrate and acetate precursors, respectively. 
Catalytic activity in Ethanol Steam Reforming was measured in a flow fixed-bed tubular glass reactor, 
loaded with 44.1 mg of catalyst mixed with 440 mg of silica glass particles (60-70 mesh sieved). The 
fed gas had the following composition 8.3% ethanol, 50.1% H2O and 41.6% helium giving rise to 
GHSV values of 51700 h-1 calculated on the catalyst volume. The reaction temperature was varied 
as follows: 523 K → 573 K → 673 K → 773 K → 873 K → 973 K → 873 K → 773 K → 673 K → 573 K → 
523 K, with the reaction held at each temperature for 1 h. The same experiment has been also 
stopped at 773 K in order to evaluate any effect of temperature higher than calcination ones (not 
reported), since the pretty similar behavior of the catalytic activity in the two cases. 
Product analysis was performed with a gas-chromatograph Agilent 4890 equipped with a Varian 
capillary column “Molsieve 5A/Porabond Q Tandem” and TCD and FID detectors in series. Between 
them a nickel catalyst tube was employed to reduce COx to CH4. Products analysis was also 
performed on GC/MS (FOCUS and ISQ from Thermo-Fisher), in order to have a precise identification 
of the compounds. The conversion of the reactants is defined as follows: 





while selectivity to C-product i is defined as: 





where ni is the number of moles in compound i, and i is the ratio of stoichiometric reaction 





For CO2 methanation experiments, a tubular silica glass flow reactor, containing a fixed bed with 
88.2 mg of catalyst mixed with 700 mg of silica glass particles 0.25–0.21 mm (corresponding to 60-
64 
 
70 mesh sieved) was used in steady-state catalytic experiments. CO2 hydrogenation experiments 
were conducted with the following feed gas: 6% CO2, 30%H2 and N2 balance, used as carrier gas. 
The gas hourly space velocity GHSV was equal to 55000 h-1. In order to follow any hysteresis, 
activation or deactivation effects, experiments were performed both in ascending and descending 
reaction temperature (523 K, 573 K, 623 K, 673 K, 723 K, 773K and reverse). 
Online products analysis was performed using a Nicolet 6700 FT-IR instrument. Frequencies, where 
CO2, CH4 and CO molecules absorb weakly, were used (2293 cm-1 for CO2, 2170 cm-1 for CO, 1333 
cm-1 for CH4, after subtraction of baseline) with previous calibration using gas mixtures with known 
concentrations, in order to have quantitative results. Produced water was condensed upstream of 
the IR cell. From the inlet and outlet concentrations calculated from the absorbances of CO, CO2, 
CH4 and the measured inlet and outlet total flows (which allow to take into account the variation of 
the number of moles during the reaction), CO2 conversion (XCO2), selectivities and yields to products, 
Si and Yi, were calculated [10]. They are defined as: 
𝑋𝐶𝑂2 =
𝐹𝐶𝑂2 𝑖𝑛 − 𝐹𝐶𝑂2 𝑜𝑢𝑡
𝐹𝐶𝑂2 𝑖𝑛
                                                                                        (4) 
   𝑆𝑖 =
𝐹𝑖
𝐹𝐶𝑂2 𝑖𝑛 − 𝐹𝐶𝑂2 𝑜𝑢𝑡
                                                                                             (5)  
  𝑌𝑖 =
𝐹𝑖
𝐹𝐶𝑂2 𝑖𝑛
                                                                                                                   (6) 
 
where Fi is the molar flow rate of i (i.e. CO and CH4), while FCO2 is the molar flow rate of CO2 and 
they were all expressed in mol/min. 
 
5.2 Results and discussion 
 
5.2.1 Characterization of the fresh catalysts. 
In Table 5.1, the elemental composition of the two catalysts, as obtained by EDX analysis, is 




Table 5.1:  




Co/SiO2 (A) acetate 20 22 
Co/SiO2 (N) nitrate 20 21 
 
In Figure 5.1, the XRD patterns of the as prepared samples are reported together with the 
diffractograms of the Co3O4 phase. 
 
Figure 5.1. XRD patterns of the fresh catalytic materials. 
 
The calcined silica support is still completely amorphous as expected for silica gel. The introduction 
of cobalt in the catalyst formulation produces the appearance in both cases of the pattern of the 
Co3O4 spinel phase. A rough evaluation of the average crystal size of the Co3O4 spinel phase using 
the Scherrer formula gives rise to  15 nm particle diameter for sample N and  22 nm particle 
diameter for sample A.   





Figure 5.2. Skeletal FT-IR spectra (KBr pressed disks) of the fresh catalytic materials (left) and on 
exhaust catalysts after methanation (right). 
 
The spectrum of the bare silica is characterized by the bands assigned to the Si-O-Si asymmetric 
stretching (ν1 = 1094 cm-1 with the pronounced shoulder at 1230 cm-1), the Si-O stretching of silanol 
groups SiOH (ca. 977 cm-1), the Si-O-Si symmetric stretching/in plane bending (ν2 = 805 cm-1), and 
to the corresponding out of plane bending mode (ν3 = 468 cm-1), typical of amorphous silica [11].  
The absence of bands in the region 1800-1300 cm-1 in the spectra of the as prepared catalysts 
confirms that both nitrate and acetate precursors have been effectively decomposed during the 
calcination procedure.  
The IR spectra of the catalysts present the bands of silica and bands coming from cobalt species 
corresponding to the bands observed in the IR spectrum of Co3O4, also reported in the figure, in 
agreement with the literature [12,13,14]. In fact, the IR spectrum of spinel structures imply the 
existence of 39 optical mode that give rise to four triply degenerated IR active modes, two of which 
fall in the MIR (Mid infrared) region and two in the FIR (Far infrared) region at around 390-5 and 
215-20 cm-1 (not recorded here). Both bands in the MIR region are split into two components, which 
can be attributed to TO / LO (transverse and longitudinal optical modes, respectively) components 
[13,14]. We find the maxima in the spectrum of our reference Co3O4 sample at 668 and 584 cm-1, 
i.e. in intermediate positions with respect to those expected for TO and LO modes. It is in fact known 
that the transmission IR spectra of bulk particles are strongly dependent on the size, shape [15] and 
aggregation [16] of particles, that in fact modify the relative intensities and splittings of these polar 
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modes. In the case sample Co/SiO2 (A) we find also the maxima almost in the same position (668 
and 584 cm-1), with clear shoulders at lower frequencies. In the case of sample Co/SiO2 (N) the bands 
are located at lower frequencies (662 and 569 cm-1), with clear shoulders at higher frequencies. In 
all cases, the bands observed are at intermediate position between those reported for LO modes 
(675, 595 cm-1) and TO ones (655, 550 cm-1) [14]. Interestingly, the spectrum we found for sample 
Co/SiO2 (N) is very similar to that previously reported of a Co3O4/SiO2 (SBA) mesoporous sample [17] 
prepared with the same cobalt precursor. The data suggest that Co/SiO2 (N)  and Co/SiO2 (A) samples 
contain Co3O4 nanoparticles with two main crystal shapes in different relative amounts.  
Looking at the bands of silica, the IR spectra of both catalysts show that the position of the Si-O-Si 
asymmetric and symmetric stretching bands of amorphous silica are slightly but significantly shifted 
upwards in the spectra of the Co/SiO2 catalysts (1094 to 1097 cm-1, 805 to 809,810 cm-1), suggesting 
that quite a significant interaction occurred. The spectrum of silica is also significantly modified in 
the region 1050-800 cm-1. To look better at this we analyzed the difference spectra (Fig. 5.3) 
obtained by subtracting the spectrum of calcined silica from those of the fresh catalysts. 
 
Figure 5.3. Subtractions of the silica spectrum from the skeletal FT-IR spectra (KBr pressed 
disks) of the fresh catalysts. 
 
The subtraction spectrum relative to sample Co/SiO2 (N) is consistent with a small shift of the Si-O-
Si stretching bands as a predominant perturbation while the spectrum of sample Co/SiO2 (A) 
presents a more evident perturbation with the strong growth of a sharp band at 995 cm-1 and of a 
broader one at 940 cm-1. The position of these bands is compatible with the formation of terminal 
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silicate bonds, such as those of cobalt silicate species O3Si-O-Co2+ and / or =O2SiO2=Co2+, similar to 
those present in the XRD patterns e.g. of Co2SiO4 [18]. 
The results arising from UV-vis-NIR spectroscopy on fresh catalysts are reported in Figure 5.4 left. 
 
Figure 5.4. DR-UV-Vis-NIR spectra of the fresh catalytic materials left) and on exhaust catalysts after 
methanation (right). 
 
The spectrum we recorded for bulk Co3O4 is consistent with those reported in the literature [19,20]. 
It presents a peak with maximum around 360 nm probably with a component at higher wavenumber 
around 415 nm, another component evident as a pronounced shoulder near 700 nm, and a broad 
doublet in the near region with a minor component around 1320 nm a the main maximum, possibly 
multiple, at 1495 nm. The complex maximum around 400 nm is assigned to the p(O2−)→eg(Co3+) and 
p(O2−)→t2(Co2+) “ligand to metal” charge transfer transitions which are nearly superimposed. The 
absorptions around 700 and 1320 nm are assigned to intercationic charge transfer transitions, i.e. 
t2g(Co3+)→t2(Co2+) and t2(Co2+) →eg(Co3+) respectively. The components at around 1495 are 
associated to internal d-d transitions of Co2+ ions [19,20].  
The spectrum of Co/SiO2 (N) is closely similar to that of Co3O4, with only a difference in the relative 
intensities of the components, confirming that it contains essentially Co3O4 nanoparticles. Instead, 
the spectrum of sample Co/SiO2 (A) is markedly different: it shows, probably superimposed to the 
same spectrum due to Co3O4 particles, a strong doublet at 527, 593 and 634 nm. Similar triplets are 
observed in the spectra of Co2SiO4 and MgCoSiO4 (Olivine structure) [18], other crystalline cobalt 
silicates [21], in cobalt containing glasses [22], as well as for Co exchanged zeolites and silica-alumina 
[23, 24]. These absorptions are assumed to originate from three spin- allowed d-d transitions of Co2+ 
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(t1g(4F) → 4t2g(4F), 4t1g(4F) → 4a2g(4F), and 4t1g(4F) → 4t1g(4P) [21]). In agreement with the IR spectra, 
the spectra in the visible region indicate that in the case of sample Co/SiO2 (A), together with Co3O4 
nanoparticles, isolated Co2+ species entered in the silica matrix, also exist.  
 
In Figure 5.5, the FE-SEM micrographs of the silica gel and of the as prepared catalysts are reported. 
 
Figure 5.5. FE-SEM micrographs of the fresh catalytic materials (a) and (b): silica gel (different 
magnification); (c) and (d): sample A (Inlens and BSE respectively); (e) and (f): sample N (Inlens and BSE 
respectively). 
 
The silica gel is constituted by squared or elongated smooth agglomerates about 20-200 μm large 
constituted by small globular particles with 20-200 nm diameter giving rise to a sponge-like 
structure (Fig. 5.5, a and b). The morphology of cobalt particles in sample Co/SiO2 (A)  (Figs. 5.5 c 
and d) is characterized by very small elemental particles (few tens of nm, in rough agreement with 
the data coming from XRD) sometimes associated into large aggregates of variable size and shape. 
In the case of sample Co/SiO2 (N)  (Figs 5.5, e and f), the small elemental particles are less evident 
while the aggregates with 100-200 nm size are more homogeneous.  
 
5.2.2 Catalytic activity in CO2 hydrogenation 





Figure 5.6. On-line FT-IR transmission/absorption analyses of the product gases upon catalytic hydrogenation 
experiments. 
 
The data are shown in terms of absorbance of CO2, CO and methane as a function of time (and thus 
of temperature steps). We do not observe any other products except water, so that the results are 
interpreted considering the occurrence of two reactions:  
reverse water gas shift (rWGS):     CO2 + H2  CO + H2O   (1) 
CO2 methanation     CO2 + 4 H2  CH4 + 2 H2O  (2) 
In principle, reaction (2) can be parallel to reaction (1) or can be the result of the sequence of 
reaction (1) with the successive reaction (3), the methanation of CO 
CO methanation     CO + 3 H2  CH4 + H2O  (3) 
It has to be remarked that no catalysts pre-reduction has been performed prior to catalytic 
experiments. Thus, the catalysts at the beginning of the experiment contain oxidized cobalt (Co3O4 
and Co2+ in silica for sample Co/SiO2 (A)). Also, we must remark that the intrinsic absorption 
(extinction coefficient) of the absorption bands we choose for analysis of CO2, CO and CH4 are 
(obviously) different: thus the curves do not directly represent the concentration of the species. The 
online analysis of the product mixture allows to provide evidence of possible activation / 
deactivation phenomena occurring during the pseudo-stationary steps.  






Table 5.2: equilibrium and experimental data for CO2 hydrogenation 
 Experimental data Thermodynamic Equilibrium 
 Co/SiO2(A) catalyst Co/SiO2(N) catalyst Methanation + rWGS rWGS only 
T [K] X CO2 Y CH4 Y CO X CO2 Y CH4 Y CO X CO2 Y CH4 Y CO X CO2 = Y CO 
298 0% 1% 0% 0% 1% 0% 100% 100% 0 -- 
523 2% 2% 0% 0,0% 0,4% 0,1% 99,99% 99,99% 0,00% 21,50% 
573 5%→8% 3%→5% 2%→3% 17%→20% 3%→11% 8,% 99,80% 99,80% 0,00% 29,83% 
623 33%→29% 16%→12% 17% 57% 52% 5% 97,39% 97,31% 0,08% 38,37% 
673 45% 18%→16% 27%→29% 70% 67% 3% 89,89% 89,17% 0,72% 46,57% 
723 58%→51% 22%→14% 37% 71% 63% 8% 79,84% 76,32% 3,52% 54,06% 
773 61%→57% 12%→10% 49%→47% 66% 48% 18% 71,27% 59,58% 11,69% 60,66% 
723 42%→41% 8%→6% 34%→36% 61% 47% 14% 79,84% 76,32% 3,52% 54,06% 
673 25%→26% 4%→3% 22%→23% 50% 38% 13% 89,89% 89,17% 0,72% 46,57% 
623 12% 1% 10% 31% 16% 15% 97,39% 97,31% 0,08% 38,37% 
573 3% 1% 2% 10% 1% 8% 99,80% 99,80% 0,00% 29,83% 
523 0% 0% 0% 2% 1% 1% 99,99% 99,99% 0,00% 21,50% 
298 0% 1% 0% 1% 1% 0% 100% 100% 0 -- 
 
Here they are compared with the expected conversion and yields calculated supposing that 
thermodynamic equilibrium is established for hydrogenation to CO and CH4 or for hydrogenation to 
CO only (reverse water gas shift, rWGS).   
In the case of catalyst Co/SiO2 (A), the CO2 conversion at 523 K is very low while at 573 K it is evident 
that a catalyst activation is occurring (the absorbance of CO2 is decreasing in the step, thus 
conversion is increasing in the step). Accordingly, both CO and CH4 yields are increasing, in the step. 
It is supposed that, in these conditions, reduction of at least part of cobalt oxide to cobalt metal is 
occurring. As expected, by increasing temperature the conversion of CO2 increases (for kinetic 
reasons) but it remains well lower than that allowed by thermodynamics, showing that the reaction 
is under kinetic control. At these temperatures, the selectivity to CO is higher than selectivity to 
methane, in contrast to thermodynamics that would forecast almost complete hydrogenation to 
methane with production of traces only of CO. On the other hand, already at 623 K, and also at 673 
K and 723 K catalyst deactivation is occurring upon the steps (CO2 conversion is decreasing in the 
steps). However, while methane yield is also decreasing in the steps, CO yields are nearly stable or 
even slightly increasing in the steps. This indicates that two different active sites and/or pathways 
are active for rWGS and methanation in these conditions over this catalyst. At 773 K, CO2 conversion 
is still lower than that allowed by rWGS but is far lower than that allowed by methanation. CO yield 
approaches 50%, still lower than that allowed by thermodynamics of the rWGS, with coproduction 
of 10% CH4. It is evident that catalyst activity is quite good for rWGS and very low for methanation. 
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During the decreasing temperature step further deactivation of the methanation reaction is evident 
while the production of CO is nearly stable in the steps but slightly less than in the increasing 
temperature experiment. Thus, deactivation occurs for both methanation and rWGS, but is by far 
more important for methanation.  
The behavior of catalyst Co/SiO2 (N) is markedly different. While at 523 K a small amount of both 
products is already observed, at 573 and 623 K the catalyst shows a pronounced activation behavior, 
with increase of the production of methane, that results, at 623 K, in a slight decrease of the 
production of CO. In any case, the yield of CO is far lower than that of CH4, but definitely higher than 
that forecast by thermodynamics if methanation was allowed. The conversion of CO2 is still slightly 
lower than that allowed by thermodynamics of methanation at 723K and 773K, with a coproduction 
of CO markedly superior to that allowed by thermodynamics if methanation is allowed. The 
conversion of CO2 is, in the temperature descending steps, lower than in the temperature ascending 
steps, with a decrease of methane yield more pronounced than that of CO.  
Looking at the overall CO2 conversion, catalyst Co/SiO2 (N) is more active than catalyst Co/SiO2 (A), 
and is also slightly more resistant to deactivation. Catalyst Co/SiO2 (N) is definitely more active than 
catalyst Co/SiO2 (A) and also more stable in methanation. Instead, catalyst Co/SiO2 (A) is more active 
than catalyst Co/SiO2 (N) in producing CO as a result of rWGS reaction. However, weak deactivation 
is also found for the production of CO.  
 
5.2.3. Characterization of spent catalysts after methanation experiments  





Figure 5.7. XRD patterns of the spent catalysts after methanation experiments. 
 
In the case of catalyst Co/SiO2 (N), the presence of both metallic cobalt in its cubic polymorph (i.e. 
the high temperature phase of this metal [25]) and cobalt monoxide CoO is observed. The detection 
of cubic cobalt instead of the hexagonal polymorph stable at room temperature is not unusual in 
CO hydrogenation catalysts [26]. On the other hand, it has been reported that it can be stabilized 
by carbon coating [27]. On the other hand, for nanoparticles the formation of one of the two phases 
may depend on preparation details [28].The presence of CoO indicates that the spent catalyst is only 
partly reduced.  
A different result is observed in the case of catalyst Co/SiO2 (A), which appears to be predominantly 
amorphous. 




Figure 5.8. FE-SEM micrographs of the spent catalysts after methanation experiments. (a) and (b): sample A 
(in lens and BSE respectively); (c) and (d): sample N (in lens and BSE respectively); 
 
The comparison of the particle shapes in the “secondary electrons” images and those obtained using 
backscattered electrons, indicate that cobalt-containing aggregates or polycrystalline particles are 
encapsulated in carbon residue covering layers. Additionally, in particular in the case of sample 
Co/SiO2 (N) (Fig. 5.8 c and d)cobalt-based particles appear to be grown in size, with respect to the 
Co3O4 particles observed on the fresh catalyst, up to near 100 nm diameter, while cobalt seem also 
to having been dispersed over the silica particles (which appear moderately bright in the BSE 
images). Thus, deactivation might arise from two main reasons: coking (formation of encapsulating 
carbon) and amorphization of cobalt particles possibly causing dispersion of cobalt into the silica 
matrix, which seems to having been particularly occurred in the case of sample (A).  
Encapsulation of cobalt particles by carbon can be the main reason for the rapid deactivation of the 
methanation reaction. This agrees with the main mechanism of deactivation of cobalt-based Fischer 
Trøpsch catalysts [29]. The lower activity and lower stability towards methanation of sample 
Co/SiO2 (A) with respect to sample Co/SiO2 (N) can be tentatively attributed to the larger cobalt 
particle size in the former coming from the larger size of Co3O4 particles, that may result in lower 
hydrogenation activity [30]. As already said, the activity in producing CO seems to follow a parallel 
and independent path in both catalysts. Isolated bivalent cobalt species in or on silica, which are 
more abundant in catalyst Co/SiO2 (A) than in catalyst Co/SiO2 (N), as well as CoO particles may have 
75 
 
activity in the rWGS reaction producing CO and may justify the better activity in rWGS of catalyst 
Co/SiO2 (A).  
The IR spectra of spent samples, obtained after sieving to separate silica glass particles, show the 
typical features of silica already observed for fresh silica support, i.e. the typical position of pure 
silica 1093, 797 and 465 cm-1, suggesting a reduced interaction in between Cobalt and silica after 
reduction and reduction. Together with those bands, a new band is observed at 668 cm-1 for both 
catalysts after methanation experiments. This band, stronger in the case of sample Co/SiO2 (A), 
corresponds to the one previously observed in the IR spectrum of the cobalt phyllosilicate antigorite 
(Co3Si2O5(OH)4) [31] where a Co atom is in an octahedral site in an octahedra layer. Thus, this band 
is assigned to a Co-O-Co stretching mode of octahedra Cobalt oxide clusters. 
The UV-vis features of the spent catalysts are reported in Figure 4 left. The spectra of Co/SiO2 (N) 
shows a continuous diffuse reflectance in all the range suggesting that a large part of Cobalt is in 
the metallic state. The spectrum of Co/SiO2 (A) instead shows stronger transmittance and the triplet 
discussed above for the fresh sample of Co2+ dispersed in silica. Concluding, the all data agree 
indicating that in the Co(N) sample metallic cobalt and CoO (whose IR spectrum is superimposed to 
silica) are present together with some octahedral cobalt cluster. In the case of sample A instead 
amorphous octahedral Co clusters and Co silicate species are present after methanation reaction. 
 
5.2.4 Catalytic activity in Ethanol Steam reforming (ESR) 
Preliminary ESR experiments were realized by increasing decreasing temperature steps experiments 
with temperatures up to 773 K, which is the previous calcination temperature for Co/SiO2 catalysts. 
In these conditions, ethanol dehydration to acetaldehyde is the main reaction, steam reforming 
occurring only to a small extent. In these experiments a substantial stability of the catalyst up to 773 
K was found, with the activity in the descending temperature steps well corresponding to that 
obtained in the ascending temperature step.  
To push ESR reaction temperatures up to 973 K are needed. However, we did not precalcine the 
catalysts at so high a temperature to not cause a so strong reaction of cobalt with the silica support 
before ESR experiments.  
Catalyst Co/SiO2 (A), whose activity data are reported in Table 5.3, is active as an ethanol 
dehydrogenation catalyst at 673 K while it gives rise to complete steam reforming at 873 K and 973 
K with an hydrogen yield of 72-74 %, limited by the production of methane with 10% selectivity. 




Table 5.3: ESR on Co/SiO2 (A) catalysts 
T(K) 
X 




CH3CHO S C3H6 S DEE 
S 
C4H8O2  S C6H6 
523 0,01 
- - - - - - - - - - - 
573 0,01 
- - - - - - - - - - - 
673 0,24 0,00 0,04 0,00 0,00 0,00 0,09 0,86 0,01 0,02 0,02 0,01 
773 0,85 0,03 0,22 0,03 0,07 0,10 0,09 0,68 0,01 0,00 0,01 0,01 
873 1,00 0,31 0,74 0,10 0,37 0,52 0,00 0,00 0,00 0,00 0,00 0,00 
973 1,00 0,30 0,72 0,11 0,38 0,50 0,00 0,00 0,00 0,00 0,00 0,00 
873 1,00 0,30 0,72 0,11 0,37 0,51 0,00 0,00 0,00 0,00 0,00 0,00 
773 0,75 0,10 0,32 0,05 0,14 0,25 0,02 0,53 0,00 0,00 0,01 0,00 
673 0,20 0,01 0,05 0,03 0,06 0,06 0,01 0,83 0,00 0,00 0,01 0,00 
573 0,05 0,00 0,01 0,00 0,01 0,04 0,00 0,85 0,10 0,00 0,00 0,00 
523 0,01 
- - - - - - - - - - - 
 
Catalyst Co/SiO2 (N), whose activity data are reported in Table 5.4, is definitely more active than 
catalyst A in ESR, which already occurs to a large extent at 773 K and is complete at 873 K with 75 % 
hydrogen yield and also 10% methane selectivity. 
 
Table 5.4: ESR on Co/SiO2 (N) catalysts  






CH3CHO S C3H6 
S 
C4H8O2 
523 0,01 - 
- - - - - - - - - 
573 0,02 
- - - - - - - - - - 
673 0,17 0,00 0,03 0,00 0,00 0,01 0,03 0,00 0,90 0,03 0,03 
773 1,00 0,23 0,61 0,11 0,33 0,40 0,01 0,00 0,15 0,00 0,00 
873 1,00 0,32 0,75 0,11 0,31 0,58 0,00 0,00 0,00 0,00 0,00 
973 1,00 0,24 0,65 0,11 0,51 0,34 0,02 0,01 0,01 0,00 0,00 
973 1,00 0,18 0,56 0,10 0,50 0,25 0,07 0,01 0,07 0,00 0,00 
873 0,60 0,03 0,18 0,01 0,18 0,09 0,09 0,01 0,62 0,00 0,01 
773 0,17 0,00 0,03 0,01 0,03 0,02 0,01 0,00 0,92 0,01 0,00 
673 0,04 0,00 0,01 0,00 0,01 0,02 0,00 0,00 0,91 0,05 0,00 
573 0,01 - 
- - - - - - - - - 
523 0,01 





However, it results to be less stable: In the descending temperature experiments, deactivation is 
already advanced at 873 K with decrease of conversion and ESR activity, and increased 
dehydrogenation selectivity to acetaldehyde.  
 
5.2.5 Characterization of spent catalyst after ESR 
In Figure 5.9, the diffractograms of the catalysts after ethanol steam reforming tests are reported. 
 
Figure 5.9. XRD patterns of the spent catalysts after ethanol steam reforming experiments. 
 
In both cases cubic metallic cobalt (Co, cF4-Cu) is detected. The measured particle sizes, evaluated 
with the Scherrer formula, are around 31 nm for sample Co/SiO2 (N) and 28 nm for sample Co/SiO2 
(A). Thus, interestingly, even if the starting Co3O4 particles were smaller for sample Co/SiO2 (N), after 
reaction they underwent a greater sintering becoming larger than sample A after ESR experiments. 
In the case of catalyst Co/SiO2 (A), however, also oxidized cobalt species are found in the form of 
Co(OH)2 and CoCO3.  
FE-SEM images (Fig. 5.10) show, in the case of sample Co/SiO2 (A) the presence of large (> 100 nm 
diameter) carbon nanotubes containing Co particles (Fig.5.10 a,c) together with smaller nanotubes 
( 20 nm diameter) which are mostly empty (Fig.5.10 b,d). It can be mentioned that, in agreement 





Figure 5.10. FE-SEM micrographs of the spent catalysts after ethanol steam reforming experiments. (a) - 
(d): two different portions of sample A (in lens (a) and (c), and BSE (b) and (d) respectively). (e) - (h): two 
different portions of sample N (in lens (e) and (g), and BSE (f) and (h) respectively). 
 
Instead, by a close look to the sample Co/SiO2 (N) micrographs, only some portions of the sample 
show the formation of carbon nanotubes, together with Co-containing particles characterized by 
100-50 nm diameter (Fig.5.10 f, h). Most of the surface does not contain carbon species, and clearly 
shows small cobalt-containing particles ( 200 nm diameter) emerging from the surface of silica 
particles and surrounded by cobalt-containing silica (Fig.5.10 e, g).  
These data suggest that smaller cobalt particles are more active in ESR, in agreement with the 
literature [32] but also in forming carbon nanotubes, that, however, do not hinder the reaction at 
list in the timescale of our laboratory experiments. These particles are more abundant on spent 
Co/SiO2 (A). Larger cobalt-containing particles partly embedded on the silica matrix, which are 
predominant in sample Co/SiO2 (N), likely represent deactivated sites for both ESR and formation of 
carbon nanotubes. It is not excluded that these particles also contain silicate species. The 
deactivation of Co/SiO2 (N) sample should be associated to a stronger reaction of cobalt particles 
with silica producing such strongly interacting particles. A similar mechanism was identified to be 
another cause of deactivation of Co/SiO2 catalysts for the Fischer-Tropsch reaction, and water was 
found to favor this deactivation mechanism [27]. 
It seems interesting also to remark that both catalysts produce mainly acetaldehyde at 673 K. This 
likely indicates that at this temperature water is still not activated. For this reason the catalysts 
behave as dehydrogenation catalysts. However, catalyst N produces predominantly acetaldehyde 
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also at 873 K in the temperature descending experiments, i.e. when it is deactivated for ESR. This 
suggests that deactivation of sample (N) occurs with poisoning of the water activation sites.  
 
5.3 Conclusions 
The main conclusion of this work are the following: 
1. Co/SiO2 catalysts are active in CO2 methanation at 573-773 K and atmospheric pressure, 
but deactivate easily and fast.  
2. The catalysts, which are charged in the reactor in oxide form as Co3O4/SiO2, activate 
spontaneously by reduction in the CO2/H2 feed at 573 K and above. The active phase for 
methanation is constituted by cubic cobalt particles. These particles, however, rapidly 
become deactivated by encapsulating carbon according to their high activity in favoring 
the formation of C-C bonds. 
3. These catalysts also have remarkable activity in the reverse Water Gas Shift reaction 
producing CO upon CO2 hydrogenation. The active sites for this reaction appear to be 
independent from those for methanation. 
4. Depending on the precursor, Co/SiO2 catalysts can contain Co2+ ions interacting with the 
support in the form of isolated cobalt (II) silicate species. After reaction they may also 
contain CoO particles. These unreduced cobalt species are likely responsible for rWGS  
activity.  
5. Co/SiO2 catalysts are also very active in ethanol steam reforming at 873-973 K with 
coproduction of only limited amounts of methane ( 10 % C-selectivity) at full ethanol 
conversion.  
6. The active phase for ESR is supposed to be represented by cubic cobalt, whose activity is 
greater for smaller particles. However, these particles are also active in producing carbon 
nanotubes. On the other hand, the formation of carbon nanotubes does not hinder 
catalytic activity at the timescale of a few hour laboratory experiment.   
7. Depending on the precursor, the catalyst may deactivate by forming larger cobalt-
containing nanoparticles partly embedded on the silica/cobalt silicate surface. These 
particles, possibly containing also silicate species, are also not active in producing carbon 
nanotubes, i.e. they are unable to both activate water and favor C-C bond formation.  
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8. At lower temperature (773 K and less) or when deactivated, the catalysts become active 
in producing acetaldehyde in spite of the presence of steam. This confirms that 
deactivation of the catalysts inhibits the sites for activation of water for steam reforming.  
9. The differences observed among catalysts produced from cobalt acetate and cobalt 
nitrate can be associated to the different pH of the impregnating solution. The higher pH 
of cobalt acetate solution can result in small dissolution of silica and favor the formation 
of cobalt silicate surface species. These species can reduce the reactivity of the surface 
of silica thus reducing the density of the “anchoring” sites for Co metal particles, finally 
producing larger cobalt particles.  
10.  These cobalt silicate surface species can stabilize the surface also against further 
reaction observed at high temperature (in ESR conditions), more evident for the ex-
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Preparation and characterization of alumina supported nickel catalysts 
and their catalytic activity in CO2 methanation and ESR: effect of 
lanthanum doping 
 
In order to improve the CO2 methanation process efficiency, a possible way is to improve the cheap 
Ni/-Al2O3 catalysts, by tailoring optimal Ni particle size [1] and loading [2], thus increasing low 
temperature activity and CH4 selectivity, as well as by stabilizing it structurally. Our research group 
previously found that Lanthanum doping improves the properties of Ni/-Al2O3 catalysts for steam 
reforming reactions [3]. Lanthanum is also reported to be fundamental in most of perovskite 
cathodes in Solid Oxide Fuel Cells [4] (i.e. LSM, LSCF etc.). On the other hand, lanthanum is reported 
to be a relevant additive to alumina in catalyst formulations: it improves alumina properties by 
increasing its mechanical strength [5] and stabilizing spinel-type alumina with respect to sintering 
and loss of surface area [6]. Additionally, it has been reported that lanthana can be used as precursor 
of sulfur-tolerant catalysts, being converted in situ to lanthanum oxysulfide (La2O2S) [7]. 
In previous works we reported on the methanation activity of different Ni/Al2O3 catalysts [2,8], as 
well as on the preparation and characterization of La2O3-Al2O3 catalytic materials [9, 10]. In the 
present chapter will be reported on ways to improve the catalytic properties of a home-made 13.6 
wt.% Ni/-Al2O3 catalyst by modifying the alumina support with Lanthanum.  
 
6.1. Materials preparation 
The catalysts were prepared using Puralox 200 Sba (-Al2O3, 200 m2/g) from Sasol previously 
calcined at 1023 K for 5 h as bare support. The catalytic materials, summarized in Table 6.1, were 
prepared through incipient wetness impregnation using La(NO3)3*xH2O (x4) and Ni(NO3)2*6H2O 








Table 6.1: Composition, surface area and hydrogen consumption data 





 wNiO/wcat [%] wLa2O3/wcat [%] [m2/g] [mol/g] 
NiØLA 16.7% - 151 3159 
Ni4LA 16.7% 4% 150 3142 
Ni14A 16.7% 14% 131 3051 
Ni37LA 16.7% 37% 100 2974 
 
The theoretical amounts of La and Ni to obtain the designed % oxide on alumina (measured as 
100*gMO/100gcat where MO is La2O3 or NiO and cat is the total catalyst weight). Different La2O3 
contents in catalyst formulation (xLA, with x= 4, 14 and 37 wt.%) were achieved by dissolving the 
precursor salts in a volume of deionised water, in the way that the total liquid volume was equal to 
the pore volume of the material. A step of drying at 353 K in vacuum was undertaken for 15 h and 
calcination in air at 1023 K for 5 h with a temperature ramping of 2 K/min was performed. The NixLA 
catalyst was prepared using xLA as the support, thus the first impregnation was with La and the 
second with Ni precursors with an intermediate calcination of the support with the same procedure 
applied for the whole catalysts and reported above. 
For the catalytic experiments and characterization, the catalysts were reduced in situ with a 20 
mol%H2-80 mol%N2 mixture and a total flow rate of 70 NmL/min. The heating rate was fixed at 25 
K/min to 1023 K, then held for 30 min at that temperature. The catalysts were cooled to r.t. (room 
temperature) in the same atmosphere to avoid oxidation and kept in a pure nitrogen stream. 
All the synthetized catalysts have been fully characterized by means of: surface area measurements, 
X-Ray diffraction, Temperature Programmed Reduction with H2 (H2-TPR), FT-IR, X-ray photoelectron 







6.2.1 Characterization of the fresh catalyst 
6.2.1.1 Surface area measurements.  
The surface area of the pure alumina support, calcined at 1023 K for 5 h, is 170 m2/g. The sequence 
of impregnation of lanthanum and nickel reduces the surface area, to nearly 150 m2/g for NiØLA 
and Ni4LA, down to 130 m2/g and 100 m2/g for Ni14LA and Ni37LA, respectively.  
6.2.1.2 XRD Characterization 
In Figure 6.1, the XRD patterns of the as prepared samples under study are reported together with 
the diffractograms of the corresponding supports. 
 
Figure 6.1. X-Ray diffraction patterns of as cast supports (xLA) and unreduced Ni-based catalysts (NixLA) 
together with the identification of crystalline phases [11]. 
The diffraction patterns of NiØLA, Ni4LA and Ni14LA show, with respect to -Al2O3 (ØLA), an 
intensification and a shift toward smaller 2 of the 400 and 440 spinel peaks and, in particular, to 
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those assigned to the 311 peak, with almost complete disappearance of the 222 one. The resulting 
diffraction pattern is similar to that observed for NiAl2O4 inverted spinel [12] even if the composition 
is still cationically deficient (Ni0.26Al2O3.26 in line with the determined EDX composition Ni0.36Al2O3.36) 
with respect to the spinel composition, although less deficient than -Al2O3. This is in line with 
previous studies that showed that XRD patterns of both cationically deficient and stoichiometric 
NiAl2O4 are very similar [12,13]. As already reported, a strong interaction of surface Ni with alumina 
occurs with the formation of surface or subsurface Ni aluminate and this is evident by observing the 
shift toward low 2 values of the 440 peak that corresponds to a slight expansion of the cubic cell 
volume [14]. The presence of lanthanum does not modify the diffractogram in these cases and a 
constant 2 shift of the 440 peak is observed for the three samples. The picture for the samples 
NiØLA, Ni4LA and Ni14LA suggests that Ni spreads and strongly interacts with the alumina surface 
while lanthanum disperses over the surface without a significant perturbation of the bulk.  
A different situation is observed for the Ni37LA catalyst. In this case, several different phases are 
found together with the spinel. In fact, the presence of La(OH)3 and a rhombohedral perovskite 
LaAlO3, phases are observed, as found in the corresponding La2O3-Al2O3 “support” [9]. The presence 
of NiO (bunsenite, JCPDS table 04-0835) is clearly observed only for the Ni37LA sample, while it is 
not present in other samples whose Ni loading is the same [15]. This might be due to the significant 
reduction of the surface area of the La-rich support and/or to its different composition, resulting in 
a lower interaction of Ni with the surface favouring the oxide formation. 





Figure 6.2. X-Ray diffraction patterns of reduced NixLA catalysts and identification of the crystalline phases 
 
As expected, reduction of NiØLA, Ni4LA and Ni14LA produces cubic metallic Nickel with a 
reappearance of the characteristic 222 peak typical of γ-Al2O3, and a shift of γ-Al2O3 peaks to the 
characteristic listed structure peaks [16,11]. This indicates that, upon reduction, the surface or sub-
surface aluminate phase produces less dispersed nickel as Ni nanoparticles.  
For Ni37LA, the disappearance of the peak corresponding to NiO is observed with the appearance 
of cubic metallic nickel. For this sample, an increased crystallinity is observed after reduction with a 
clear appearance of the peaks assigned to La(OH)3. For the metallic Ni phase, an evaluation of 
crystallite size through the Scherrer formula, using the (2,0,0) crystal plane family, determined 
particle diameters of 7 nm, 8 nm, 10 and 15 nm in the four samples, at increasing, from 0 to 37 wt. 
%, La2O3 loading, with a linear trend. To calculate crystallite dimensions, data have been previously 
treated with a smooth function, and then the line profile peaks have been fitted with a pseudo-
Voigt function. 
6.2.1.3 Skeletal IR and UV-vis spectroscopic characterization of unreduced catalysts.  
In Figure 6.3, the infrared skeletal spectra of the materials are reported. The spectra of Ni-containing 
samples markedly differ from the spectra of the Ni-free “supports” because of the presence of a 
pronounced component at 723 cm-1, as well as to a slight shift downwards of the main band from 
near 545 cm-1 to 508 cm-1. This confirms the results obtained by XRD showing the features of spinel 





Figure 6.3. Skeletal IR spectra of as cast supports xLA and unreduced NixLA catalysts. 
A different situation is found for Ni37LA where the feature at 429 cm-1 is associated to the presence 
of bulk NiO [17, 18, 19, 20] which masks the features of other phases such as LaAlO3 [3, 21]. The 
presence of lanthanum species is confirmed by the fingerprint of carbonate features (1400 and 1491 
cm-1) which can be associated either with surface or bulk lanthanum carbonates [22, 23]. It is noted 
that the carbonate band intensities increase as the La- loading increases. 
In Figure 6.4, the diffuse reflectance UV-visible spectra (DR-UV-vis-NIR) of the as prepared catalysts 
are reported. NiØLA, Ni4LA, Ni14LA spectra show absorption in the visible region, characterized by 
a split band at 601 and 633 nm, which is attributed to the 3A2g →a3T1g d–d transition of Ni2+, split for 
the presence of the weaker 3A2g →a1Eg , whose position and shape are typical of Ni2+ dispersed on 




Figure 6.4. DR-UV-vis spectra  of NixLA catalysts (full lines) and NiO reference sample (dotted line) 
 
Moreover, the clear absence of the feature at 718 nm indicates that NiO species are not present in 
any of the three catalysts [13]. By looking at the NIR region, a broad band is observed near 1048 nm 
that is assigned to ν1 (3A2g→3T2g) transition of Ni2+ in octahedral surroundings in a position similar to 
the one reported for low loading Ni catalysts, i.e. NiAl2O4 [25] and Ni highly dispersed on alumina 
[14,15].  
Indeed, the spectra of NiØLA, Ni4LA and Ni14LA look qualitatively similar in the visible region, 
although the addition of lanthanum seems to slightly increase the background absorption. At lower 
wavenumbers, in the UV region, the addition of Lanthanum seems to cause the formation of a 
shoulder centered around 310 nm, absent in the case of the NiØLA sample, at the high wavenumber 
side of the absorbance increase due to the a O2− (2p)→ Ni2+ (3d) charge transfer transition. This 
shoulder, located at lower energy than the corresponding transition of isolated Ni2+ on alumina, can 
be associated to Ni2+ species interacting with other Ni2+ or with La3+ species.   
In agreement with the XRD results, a different situation is observed for Ni37LA. This sample is 
absorbing a great part of the radiation, inhibiting the possibility to observe characteristic absorption 
in the visible range. This might be due to the strong absorption of the visible light by LaNiO3 
perovskite [26]. Additionally, the sample shows a cut off near 350 nm due to the appearance of the 
strong O2− (2p)→ Ni2+ (3d) charge transfer transition of bulk NiO, in agreement with XRD and H2-TPR 
data. 
These spectroscopic data confirm that, even in the presence of significant amounts of lanthanum, 
nickel strongly interacts with alumina. Only at the highest La loading, the situation changes, with 
the formation of lanthanum rich phases.  
 
6.2.1.4 XPS analysis of unreduced catalysts.  
In Fig. 5, the XP spectra are reported in the Al(2p), Ni(3p) and La(3d 5/2) regions. The Al(2p) spectra 
of NiØLA, Ni4LA and Ni14LA show a significant shift of the main peak from 74.2 eV, value reported 
for -Al2O3 [27, 28], down to 73.9 eV for Ni4LA and Ni14LA and further shifting to 73.5 for Ni37LA. 
The shift of the XP peak to lower binding energy is interpreted as due to a decreased ionicity of the 
Al-O bond [29] or to a higher density of the phase [30]. In any case the trend, i.e. the shift increasing 
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with increasing Ni loading, seem to further indicate a strong interaction of Ni with surface Al ions. 
In the same region, an additional component appears at 68.9 eV for NiØLA, shifting to 68.2 eV and 
68.0 for Ni4LA and Ni14LA samples respectively, which is due to Ni 3p core level spectra of Ni2+ 
species [31, 32]. A split of the components is observed for Ni37LA where signals at 69 and 67 eV are 
present showing that an additional Ni-containing species is formed, which can be identified as 
LaNiO3 phase [33] or LiAl1-xNi1-xO3 solid solution. 
The XP spectrum of NixLA samples in the 830-845 eV region (Fig. 6.5) is due to lanthanum 3d5/2 
transition. The peak positions we found for the three La-containing catalysts are close to 835.0 eV 
and 838.5 eV, at slightly higher energies than those reported for bulk La(OH)3 [34], La2O3 [34, 35, 
36], LaAlO3 [34, 36], and for a number of La hexaaluminates [37, 38, 39] but in good agreement with 
our previous results [3]. 
 
Figure 6.5. (left) Al(2p) and Ni (3p) regions (80-64 eV) and (right) La (3d 5/2) region (845-830 eV). 
 
The XP spectrum of the NiA sample, in the Ni 2p3/2 region (830-865 eV) (Fig. 6.6), shows two main 
peaks at 856.1 and 862.3 eV which compare quite well with the spectra reported of NiAl2O4, Ni/Al2O3 
samples [40, 41] and LaNiAl11O19 [38, 39]. They can be assigned to a Ni2+ main component and its 
satellite line (≈ 862 eV). For La and Ni containing samples, the XP spectra in the La 3d3/2 and Ni 




Figure 6.6. XP spectra of NixLA catalyst in the Ni(2p 3/2) region (870-845 eV). 
The doublet due to La 3d3/2 (≈ 852 and 855.5 eV) increases in intensity with increasing Lanthanum 
loading (as expected), while the Ni 2p3/2 doublet shifts slightly and progressively to lower energies 
down to about 855 and 861 eV. This behavior confirms some interaction occurs between Ni2+ and 
La3+ centers. The low binding energies of Ni2p3/2 observed in Ni37LA can be assigned to the 
presence of NiO with the characteristic peak at 853.7 eV [13]. On Ni37LA, an additional peak is 
clearly observable at 866 eV and it is assignable to the plasmon component of La [42], not detectable 
for low-loaded lanthanum catalysts. By looking at the surface elemental composition, coming from 
XP spectra of the as prepared catalysts (Table 6.2), it is possible to detect that the addition of 
lanthanum on Ni4LA is at the expense of surface Al, not of nickel. This indicates that, in the case of 
this sample, the addition of lanthanum allows to nearly complete the surface “monolayer” of 
supported species on the alumina surface. In the case of Ni14LA also the surface Ni is slightly 
reduced but the Ni-alumina interaction is still nearly intact. A completely different situation is found 
for the Ni37LA sample where, in agreement with XRD data, alumina reacts with lanthanum and 





Table 2: Composition of reduced catalysts (design and EDX compositions) and on the as prepared catalysts 
(XPS composition).  
 Design composition EDX composition  XPS surface composition H2/Ni 





















at.% at.% at.% at.% [-] 
NiØLA 13.6 - 45.7 13.5 - 39.0 3.9 - 45.0 51.0 1.18 
Ni4LA 13.6 3.5 43.5 13.0 3.0 37.0 4.1 0.7 44.7 50.6 1.17 
Ni14LA 13.6 12.4 38.0 14.0 9.5 35.5 3.0 2.5 40.3 51.6 1.14 
Ni37LA* 13.6 32.7 25.4 20.5 32.0 15.5 21.2 13.2 18.5 45.6 1.11 
For Ni37LA* catalyst composition might be not representative for the inhomogeneities of the sample. 
 
6.2.1.5. IR surface characterization of unreduced catalysts.  
In Fig. 6.7, left, the IR spectra of the surface hydroxyl groups of the samples are compared. It is 
evident that the addition of lanthanum as well as of nickel causes the decrease of the intensity of 
the OH stretching bands of the surface hydroxyl groups. 
 
Figure 6.7. (left) IR spectra of xLA and NixLA in the OH region and (right) IR spectra of xLA and NixLA 
catalysts upon CO2 adsorption. 
 
This is in line with a progressive coverage of the alumina surface. In Figure 6.7 right, the spectra of 
carbonate species resulting from CO2 adsorption and short outgassing at r.t. are reported. The 
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spectrum observed on bare alumina is due to two types of hydrogencarbonate species (as COO at 
1644 cm-1, sym COO split at 1484 and 1442 cm-1, OH at 1236 cm-1), as reported many times [9, 10]. 
The spectra of both 4LA and Ni4LA show the bands of one hydrogencarbonate type only, indicating 
that the deposition of Lanthanum is “selective” and “poisons” the more active AlOH and Al3+-O2- 
acido-basic couples of alumina, as discussed elsewhere [3]. The addition of Ni to 4LA causes a slight 
decrease of the above bands and the appearance of broader bands near 1540 and around 1400 cm-
1, likely due to bidentate (bridging or chelating) species. In the case of 14LA and Ni14LA samples, 
the bands of hydrogencarbonate species are still present but much lowered in intensity; in 
particular, a weak feature at 1229 cm-1 is still evident. This suggests that a small fraction of alumina 
is still exposed at the surface. However, additionally, strong bands due to carbonate species are also 
observed. Two couples are observed, i.e. at 1610, 1380 cm-1 and at 1540, 1435 cm-1. Outgassing at 
r.t. (data not reported) shows that the former couple is associated with a more weakly adsorbed 
species while the latter is associated with a stable species. The former couple decreases in intensity 
by further adsorbing Nickel, while the latter does not seem to be modified by nickel addition.  
The above data suggest that in the case of Ni4LA the addition of Nickel mostly shifts a large part of 
lanthanum from the strongest alumina sites (where they do not form basic sites) to weaker ones, 
generating La-O basic sites adsorbing CO2 as carbonates. On 14LA, a large part of lanthanum forms 
basic sites where CO2 is adsorbed as carbonate species. Addition of Nickel on 14LA producing Ni14LA 
causes the decrease of the number of the La-O sites producing carbonates species not stable at the 
surface. This suggests that Ni displaces lanthanum from alumina sites where it produces weak basic 
sites, causing its agglomeration.  
 
6.2.1.6 H2-Temperature Programmed Reduction (H2-TPR).  
H2-TPR data are reported in Fig.6.8 and the obtained H2 consumptions are included in Table 6.1. In 
all cases, with the exception of Ni37LA, only one peak is present and it is centered at 1073 K 
corresponding to a complete reduction of well dispersed Ni oxidized species to the metallic state. A 
careful look to H2/Ni ratio (Table 6.2) points out a slight apparent excess of hydrogen consumption 
with respect to the expected 1:1 stoichiometry (assuming Ni as Ni2+), that might be due to possibly 
adsorbed (on Ni) and spillover hydrogen [43]. For NiØLA, Ni4LA and Ni14LA, the reduction onset is 
observed near 740 K. The high reduction temperature identified in these samples indicates the 
presence of poorly reducible Ni species, strongly interacting with the support, in accordance with 
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the XRD and UV-vis findings. This is typical of Ni/Al2O3 systems [17]. Only in the case of Ni37LA, the 
quite complex peak associated with reduction of free NiO, typically centered at 500-800 K, is 
observed even if it could be partially overlapped with the one arising from methane production by 
reduction of surface carbonate species [44]. 
 
Figure 6.8. H2-TPR profiles of the investigated NixLA catalysts. 
 
6.2.1.7 FE-SEM of reduced catalysts.  
The reduced catalysts were characterized by means of FE-SEM equipped with EDX microanalysis. 
Catalyst composition was determined by EDX at very low magnification and the results are 
summarized in Table 6.2. Ni, La and Al loadings, determined experimentally, are in line with those 
designed and expected for the prereduced catalysts, although Al compositions are usually 
underestimated respect to nominal bulk composition values, especially at increasing La2O3 loading.   
The images obtained with backscattered electrons (BSE) show that the heavier elements, Ni and La, 
are homogeneously distributed in the case of unreduced NiØLA, Ni4LA and Ni14LA (pictures are not 
shown here, because there is no contrast in the images). In contrast, as depicted in Figure 6.9, the 
images of prereduced catalysts show clearly small bright particles of metallic Ni nanoparticles with 
a narrow particle size distribution and an average diameter lower than 10 nm, whose size agrees 
with that calculated from the XRD peaks using the Scherrer method. Lanthanum also is 
homogeneously distributed on catalysts surface; in fact, particles morphology and dimensions do 
not change passing from NiØLA to Ni14LA. A completely different situation is observed for the 
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sample with the highest La2O3 loading, i.e. Ni37LA, where the catalyst morphology is completely 
changed from a globular-like structure to a sponge like one (Figure 6.9, secondary electron 
micrograph (SE) and in the inset BSE one). In this case, a La-rich globular phase, with an average 
diameter of 10-30 nm, covered quite completely the sample surface. For this reason, the EDX 
analyses of this sample quantify a lower Al content than the expected.  
 
Figure 6.9. FE-SEM micrographs acquired in BSE electrons for NixLA catalysts (x= 0, 4 and 14). In Ni37LA 
secondary electron images is reported and correspondingly the BSE image in the bright region is included in 
the inset. 
 
6.2.2 Catalytic activity studies 
6.2.2.1 Catalytic activity in CO2 methanation 
In Figure 6.10, the catalytic activity in terms of CH4 and CO yields for all the investigated catalysts is 
reported. In the same figure, the values corresponding to thermodynamic equilibrium are as well 
included. No other C-containing products are observed. The thermodynamic equilibrium has been 
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evaluated in the applied experimental conditions by using a Gibbs reactor and Soave – Redlich – 
Kwong equation of state. 
 
Figure 6.10 Methane and CO yields obtained in CO2 hydrogenation for prereduced NixLA catalysts (symbols) 
in the 523-773 K temperature region with the comparison of thermodynamic equilibrium values. Experiment 
conditions: 6% CO2, 30% H2, N2 balance and a total flow rate of 80 Nml/min, atmospheric pressure. 
 
It has been verified that, in our conditions, no carbon deposition is expected by thermodynamics. 
At temperatures lower than 623 K, the observed CO2 conversion and CH4 yields are much lower than 
that allowed by thermodynamics, and significant differences in between the investigated catalysts 
can be observed. This agrees with a kinetically controlled regime. Instead, above 673 K the regime 
is roughly thermodynamically- controlled in all cases. At the same temperature in increasing and 
decreasing temperature experiments, CO2 conversion is nearly constant for NiØLA, Ni4LA and 
Ni14LA, thus excluding detectable deactivation and/or conditioning effects. In the kinetically-
controlled regime the activity follows the order: Ni14LA >Ni4LA  Ni37LA >NiA suggesting that 
lanthanum addition is beneficial for CO2 hydrogenation activity, with the best composition of near 
14 wt.% La2O3. Ni14LA is also the catalyst that reaches thermodynamic equilibrium at the lowest 
temperature (673 K). Methane is found as the main product at low temperature, where the reaction 
is under kinetic control, with a selectivity approaching 100% at T < 623 K in particular on the most 
active Ni14LA catalyst, where the methane yield is around 90 % at 623K (with undetectable CO 
amount). Thus, in these conditions, only the Sabatier reaction (reaction 1) is observed  
CO2 +4H2 CH4 + 2H2O (1) 
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CO production is nearly zero at low temperatures over the La-containing catalyst, but is non-
negligible over the La-free catalyst. At higher temperatures (> 700 K), where the reaction is under 
thermodynamic control CO is also detected as a by-product in amounts approaching those expected 
by thermodynamics over all catalysts.  
It must be considered that the reverse water gas shift reaction (reaction 2). 
CO2 +H2 CO+ H2O (2) 
producing CO from CO2 hydrogenation, is an endothermic equilibrium reaction, that, however, may 
allow significant CO2 conversion to CO in the range 523-623 K. However, both CO and CO2 
methanation are favored in the same low temperature range, and this is the reason why CO 
production from CO2 hydrogenation can be very selective to CH4 in the presence of very active 
methanation catalysts. Thus, it is evident that lanthanum addition certainly strongly enhances the 
methanation rate with respect to La-free catalyst. 
 
6.2.2.2 Evaluation of reaction order and apparent activation energies 
In Figure 6.11, the determination of reaction orders for CO2 and H2 in the condition of a differential 
reactor with CO2 conversions generally lower than 13% and where approach to equilibrium can be 
neglected. The rate data have been fitted with a simple power law expression [45] in the form: 




and the determined reaction orders are summarized in Table 3. This expression is considered an 
excellent model in differential studies [46] even though not suitable in the entire range of operation 
conditions. As a function of the lanthanum loading the reaction order of H2 (α) slightly increases 
while for β, reaction order of CO2, a progressive decrease from 0.20 to 0.14 is observed, suggesting 
a stronger interaction of CO2 when lanthanum is introduced in the catalyst formulation, likely due 
to a stronger adsorption of CO2 on the catalyst surface. In the case of the most active catalyst, 
Ni14LA, CO2 methanation kinetics was investigated at 493 K. The reaction orders, evaluated in this 
case, are different from those evaluated at 523 K (α=0.28 and β=0.14), suggesting that a non-
negligible temperature dependence is present for both reaction orders. The behavior is similar to 
the one previously reported by Weatherbee and Bartolomew [45] for low-loading Ni/SiO2 catalysts. 
In particular, also in this case, the CO2 order decreases with a temperature increase, while H2 




Figure 6.11. (left) Methane production rate as a function of H2 partial pressure in kinetic evaluations for NixLA 
catalysts and (right) Methane production rate as a function of CO2 partial pressure. 
 
In Figure 6.12, the Arrhenius plot for the tested catalysts is reported. In all cases, the apparent 
activation energies are in the range of 70-85 kJ/mol, proper of a true kinetic regime with a negligible 
contribution due to diffusional limitations. Those values are in agreement with apparent activation 
energies reported on Ni/Al2O3 (Ea=80 kJ/mol) [2, 8] and more realistic than values reported on a 
recent paper of Ni modified lanthanum hydrotalcite catalysts where value of 1.4-1.6 kJ/mol were 
obtained, typical of a diffusion limited regime [47].  
 





The data reported here show that all NixLA catalysts are active for the CO2 hydrogenation at 
atmospheric pressure and in excess hydrogen conditions. The La-free catalyst tested here is more 
active than a 20% Ni/-Al2O3 commercial catalyst tested in the same conditions as reported in our 
previous work [8] despite the lower nickel content in our preparation. However, it must be taken 
into account that while our material was prepared by incipient wetness impregnation on the 
support powder, industrial catalysts preparation can be made by impregnation of support 
extrudates. Thus, in the industrial case, Ni loading may be higher at the surface of the pellet and 
lower in the center of it, thus the nominal Ni loading is the average of highly loaded particles and 
almost pure alumina.  
A slight reduction of the activation energy is observed for our catalyst with respect to commercial 
Ni-γ-Al2O3 catalyst further confirming the catalytic activity data. Similarly, small differences are 
observed in the estimated reaction orders where a slight increase is observed for both the H2 and 
CO2 reaction orders 0.41 for H2 and 0.20 for CO2 with respect to the ones determined for commercial 
Ni/Al2O3 catalyst [8]. Our values are also higher than those reported for coprecipitated Ni/Al2O3 
catalysts [46]. 
Moderate lanthanum addition (4 and 14 wt.% La2O3) does not modify the Ni reduction profile. This 
suggests that, still, a strong interaction between metal and support is present as suggested also 
from the UV-vis data where the typical components of Ni2+ species were found. Moreover, the stable 
high surface area, compared to the support, confirms the beneficial effect of lanthanum addition in 
increasing the thermal stability of the alumina support. This feature is important due to the high 
exothermicity of the methanation reaction. In the case of all NixLA catalysts, prereduction gives rise 
to mainly metallic nickel particles with characteristic diameters lower than 10 nm, comparable to 
those reported for prereduced Ni16 on a Si stabilized alumina support [2Errore. Il segnalibro non è 
definito.] that were found to be extremely selective for methane with no CO coproduction.  
Our data show that the introduction of Lanthanum in the catalyst formulation even at low loadings 
strongly increases the catalytic activity in the 500-630 K temperature region, with a simultaneous 
increase in methane selectivity to  100%. These data roughly agree with the recent results reported 
by Rivero -Mendoza et al. [48] but disagree with those reported by Rahmani et al. [49] where 
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deactivation was observed for 2%La2O3-Ni/Al2O3 catalyst in CO2 methanation. They are also in line 
with studies of CO methanation studies that reported an activation effect of lanthanum on Ni/Al2O3 
[50] as well as on Ni/Mg-Al2O3 ex hydrotalcite catalysts [51]. The data also show a slight increase in 
the reaction order of CO2, which can be attributed to an increased basicity, hence an increased 
adsorption strength of CO2, on the support. This is in line with the data discussed by some of us 
years ago [52] and reported by recent authors for CO2 methanation on alumina-supported metals 
[53, 54], suggesting that CO2 adsorption takes primarily occurs on the alumina support. Additionally, 
a slight decrease is found of the reaction order of H2 by addition of lanthanum, which may be in line 
with the easier hydrogenation of more strongly adsorbed CO2, or with some effect of lanthanum on 
nickel in making easier the activation of hydrogen, that certainly occurs on the metal.  
Previous studies from our laboratory [9, 10] have shown that the addition of lanthanum to alumina 
reduces the number of very active Al3+-O2- acido-basic surface sites and produces new basic sites 
probably of the La3+-O2- type [9]. IR data, visible spectroscopy data and Al (2p) XPS data show that, 
in the case of Ni4LA and Ni14LA, Ni strongly interacts with alumina surface producing a spinel-like 
surface layer as it does on bare alumina. This occurs by displacing pre-impregnated La-O species 
from the strongest alumina acido-basic sites to weaker ones, where their acidity is even stronger. 
However, both UV spectroscopy and Ni (2p 3/2) XPS data provide evidence of some interactions 
between La3+ and Ni2+ centers in the case of as prepared catalysts, that could result in some 
interaction also in the reduced catalysts.  On the other hand, the Ni+La loading in Ni4LA is nearly 
the one needed to complete (theoretically) the monolayer coverage, while in the case of the Ni14LA 
sample this amount is (theoretically) by larger than that required for a monolayer, at least in the 
unreduced state. However, IR data of CO2 adsorption suggest that, in both cases, a small fraction of 
alumina is still uncovered, thus the Ni species grow in 3-D, leaving some small alumina areas in 
between, in parallel to the partial recovery of the -Al2O3 XRD pattern upon reduction. Additionally, 
nickel species seems to strongly interact with the alumina surface irrespective of the lanthanum 
loaded. 
The addition of lanthana, resulting in the formation of basic sites, which adsorb CO2 more strongly, 
could be beneficial for CO2 methanation because of the stronger adsorption of CO2 on the support. 
This can occur because the support can act as a CO2 reservoir, by adsorbing it as carbonate species, 
allowing easier spillover of CO2 from the support to the Ni particles where reaction takes place, or 
because surface carbonates are hydrogenated by spillover of hydrogen. In any case, a stronger 
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basicity can explain a stronger adsorption of CO2 and the (weak) trend to a lower reaction order 
with respect to CO2.  
On the other hand, as suggested by XPS and UV spectra of the unreduced catalysts, the presence of 
lanthanum species may also influence Ni particle formation. Wierbizcki et al. [47] proposed that an 
electronic interaction may occur among La species and Ni particles. In our case, we cannot draw 
definitive conclusions on the basis of the data available up to now. In any case, the decrease of the 
adsorption strength of hydrogen (as deduced by the increased reaction order with respect to 
hydrogen) and the increased methane selectivity are relevant, and may be due to increased 
hydrogenation activity.  
It seems quite interesting that the catalytic activity of our Ni14LA catalyst is nearly the same or even 
slightly better than the activity of a commercial 3 wt.% Ru/Al2O3 catalyst tested in the same 
conditions: as an example, methane yield is 66% at 573 K on 3 wt.% Ru/Al2O3, while nearly 72 % on 
Ni14LA. While Ru/alumina catalysts can also be improved by promoters, it seems that robust and 
cheap Ni/alumina catalysts could be competitive with the much more expensive Ru- based catalysts, 
thus preferable for low-temperature for CO2 hydrogenation. 
 
6.4. Conclusions 
The following conclusion points are drawn from the findings of this work: 
1. Lanthanum addition strongly increases the activity of Ni/-Al2O3 for CO2 methanation. In 
addition, selectivity to methane is increased up to nearly 100% at low temperatures, where 
the reaction is in the kinetic regime (T < 650K). 
2. The CO2 methanation reaction on La-doped Ni/-Al2O3 occurs with similar activation energies 
(80 kJ/mol), a slightly higher reaction order for hydrogen and a lower one for CO2 than 
undoped Ni/-Al2O3. 
3. Characterization data suggest that nickel oxide species interact with the alumina surface 
more strongly than lanthanum oxide. Thus, the impregnation of Ni species over lanthanum-
alumina shifts lanthanum from the strongest acido-basic sites of the alumina surface (where 




4. It is proposed that lanthanum acts as a promoter because of the stronger basicity of the 
lanthana-alumina support allowing stronger adsorption of CO2 as carbonates acting as 
reactant reservoirs, while activation of hydrogen on nickel is also slightly improved by the 
presence of La . 
5. La-doped Ni/-Al2O3 catalysts are competitive with Ru/alumina catalysts for the selective CO2 
methanation at low temperatures and atmospheric pressure. 
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Commercial calcium alumina supported nickel catalyst catalytic 
activity in CO2 methanation and Methane Steam Reforming 
 
As already mentioned in Chapter 1, Hydrogen is mostly produced today through steam reforming 
of natural gas [1, 2]. The main reaction is assumed to be represented by methane steam reforming 
(MSR), an endothermic equilibrium reaction:  
CH4 + H2O    CO +  3H2  H°298 =  + 206.63  kJ/mol     (1) 
establishing together with the water gas shift (WGS) equilibrium  
CO + H2O    CO2 +  H2  H°298 =  -  41.16  kJ/mol    (2) 
resulting, at least formally, in a formal “global reforming reaction” (GRR) 
CH4 + 2H2O    CO2 +  4H2  H°298 =  + 165.47  kJ/mol     (3) 
thus producing a “syngas” containing H2, CO, CO2 and unreacted CH4. Although most authors 
suppose that the reaction path implies MSR being the first step followed by WGS to give the 
“formal” GRR reaction, is also possible that GRR is the first real step followed by the reverse of 
WGS (rWGS) to give the “formal” MSR reaction. The reaction is usually realized at 773-1173 K, 30-
50 bar. Typical methane steam reforming catalysts [3] contain 10-25 % wt Ni supported over a 
low-surface-area refractory oxide such as alpha-alumina, Mg aluminate spinel MgAl2O4, calcium 
aluminates and calcium-potassium aluminate CaK2Al22O34. A typical effect of this reaction consists 
in the production of carbon residue, in particular “carbon whiskers” or nanotubes, which are cause 
of pressure drop and deactivation. The presence of additives in some commercial catalysts allows 
the reduction of the formation of carbon residues. In particular, potassium has a very positive 
effect in reducing the formation rate of carbon species, with the drawback of reducing slightly the 
catalytic activity of the catalyst [4]. 
Hydrogenation of CO2 (HCO2) can produce several different products, among which methane and 
CO. Methanation reaction consists in the synthesis of methane from hydrogenation of COx. 
Formally, methanation of carbon monoxide (MCO) is the reverse of MSR 
CO +  3 H2   CH4 + H2O H°298 =  - 206.63  kJ/mol     (-1) 
while methanation of CO2 (MCO2) is formally the reverse of GRR  
CO2 +  4 H2    CH4 + 2 H2O    H°298 =  - 165.47  kJ/mol    (-3) 
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The MCO2 reaction could result from the previous conversion of CO2 into CO with the reverse water 
gas shift (rWGS)  
CO2 +  H2   CO + H2O    H°298 =  -  41.16  kJ/mol    (-2) 
followed by CO methanation. Also for methanation, the real reaction path is still not fully 
established. It is still not clear whether gas-phase CO is an intermediate in MCO2 (thus the reaction 
sequence is rWGS+MCO) or a final product (thus the MCO2 reaction would be parallel to the 
rWGS+MCO sequence).  
Methanation of CO-rich mixtures is performed industrially today to destroy carbon oxides 
impurities in hydrogen (low temperature methanation [5]) or to produce Substitute or Synthetic 
Natural Gas (SNG) [6,7] using syngases rich in carbon oxides, like those arise from coal gasification. 
Ni–based catalysts supported on high-surface-area Al2O3 [8,9,10] are largely used for these 
applications. These catalysts have also been reported to be active for methanation of CO2-rich 
carbon oxides mixtures as well as for pure CO2 methanation. In fact Ni metal catalysts are active 
for both steam reforming and methanations, according to the “micro-reversibility principle” [11], 
the difference in catalyst formulations being essentially associated to the different stability 
requirements, associated to the very different reaction conditions. While endothermic steam 
reforming must be realized at very high temperature (750-900 °C) with large excess of steam, 
hexothermic methanations are performed at much lower temperature (463-773 K) with hydrogen 
excess.  
The methanation of CO2-rich gases or of pure CO2 in the presence of excess hydrogen is still not 
realized industrially [12]. It can be of interest in the future for the production of methane or 
methane-hydrogen blends from captured CO2 as an element of “CO2 Capture and Storage 
technologies” (CCS) to reduce the emissions of greenhouse gases, with producing useful 
compounds. 
On the frame of our research group studies on hydrogen production and CO2 methanation we 
wanted to test industrial steam reforming catalysts, both without and with potassium, as well as 
an home made methanation catalyst (HMMC), in both steam reforming of methane and 
methanation of CO2. We also attempted modellization of our laboratory reactor for both 
reactions. Modellization of laboratory reactor can be viewed as a first step in developing a useful 







7.1.1 Catalytic materials. 
Commercial Catalysts A and B for MSR, both from XX, have been used. According to the literature 
[3,4,13], Commercial sample A catalyst contains 13 % Ni wt over a calcium aluminate cement, 
probably with a Ca:Al ratio of about 1:5 [14].The surface area is 29 m2/g. commercial sample B 
catalyst is a slightly alkalized version, doped with small amounts (1.8 % wt) of K2O [3]. As a 
reference, a “home-made methanation catalyst” (HMMC) has been prepared. Siralox 5/170 (5% 
SiO2 and 95% Al2O3) was used as the support with previous calcination at 1073 K for 5 h. The 
composition of this catalyst is also comparable with those of “pre-reforming” catalysts [3,15]. 
Nickel 39% wt was deposited through wet impregnation of an aqueous solution of Ni(NO3)2*6H2O. 
The powder was dried at 363 K for 5 h and calcined at 1073 K for 5 h. XRD of the resulting catalyst, 
which has a surface area of 80 m2/g, shows the feature of a nearly cubic spinel and of NiO. 
Characterization data on this catalytic material were reported previously [16]. 
 
7.1.2 Catalytic experiments 
All catalytic experiments have been performed in steady state conditions on a tubular quartz flow 
reactor by loading 88.2 mg of catalyst diluted in silica glass particles 0.25–0.21 mm (corresponding 
to 60-70 mesh sieved, 440 mg for SR and 700 mg for methanation). .  
The following feed gas composition has been used for MSR experiments: 5% CH4, 20% H2O, He 
balance, total flow rate 120 Nml/min, corresponding to GHSV = 81000 h-1 calculated on the 
catalyst volume. MSR product analysis was performed with a gas-chromatograph Agilent 
4890 equipped with a Varian capillary column “Molsieve 5A/Porabond Q Tandem” and TCD 
and FID detectors in series. Between them, a nickel catalyst tube was employed to reduce 
COx to CH4. Products analysis was also performed on GC/MS (FOCUS and ISQ from Thermo-
Fisher), in order to have a precise identification of the compounds. The conversion of the 
reactants is defined as follows: 
Xreactant =
nreact. in −  nreact. out 
nreact. in
 
while selectivity to C-product i is defined as: 
Si =
ni




where ni is the number of moles of compound i, and i is the ratio of stoichiometric 
reaction coefficients. The hydrogen yield, calculated on the basis of the GRR stoichiometry, 
is defined as: 
YH2 =
nH2 out
4 ∗ (nmethane in)
 
For CO2 hydrogenation the feed gas composition was: 6% CO2, 30% H2, N2 balance, with 80 
Nml/min total flol rate, 55000 h-1 GHSV calculated on the catalyst volume. In order to follow any 
hysteresis, activation or deactivation effects, CO2 hydrogenation experiments were performed 
both in ascending and in descending reaction temperature steps (523 K, 573 K, 623 K, 673 K, 723 K, 
773K and reverse). Temperature was controlled through a furnace. 
Online products analysis was performed using a Nicolet 6700 FT-IR instrument. Frequencies where 
CO2, CH4 and CO molecules absorb weakly have been used (2293 cm-1 for CO2, 2170 cm-1 for CO, 
1333 cm-1 for CH4, after subtraction of baseline water absorption) with previous calibration using 
gas mixtures with known concentrations, in order to have quantitative results. Produced water 
was condensed before the IR cell. From the inlet and outlet concentrations calculated from the 
absorbances of CO, CO2, CH4 and the measured inlet and outlet total flows (which allow to take 
into account the variation of the number of moles during the reaction), CO2 conversion (XCO2), 
selectivities and yields to products, Si and Yi, have been calculated [17]. They are defined as: 
𝑋𝐶𝑂2 =
𝐹𝐶𝑂2 𝑖𝑛 − 𝐹𝐶𝑂2 𝑜𝑢𝑡
𝐹𝐶𝑂2 𝑖𝑛
                                                                                        (4); 
   𝑆𝑖 =
𝐹𝑖
𝐹𝐶𝑂2 𝑖𝑛 − 𝐹𝐶𝑂2 𝑜𝑢𝑡
                                                                                             (5);   
  𝑌𝑖 =
𝐹𝑖
𝐹𝐶𝑂2 𝑖𝑛
                                                                                                                   (6);  
 
where Fi is the molar flow rate of i (i.e. CO and CH4), while FCO2 is the molar flow rate of CO2 and 
they were all expressed in mol/min. 
 
7.2 Results  




Fig.7.1: XRD patterns of the fresh catalytic materials.  
The patterns of the two commercial catalysts are dominated by the features of a number of 
different calcium aluminate phases. Instead, that of the HMMC is typical of Ni-rich NiO-Al2O3 
system.  
 
7.2.1 Methane steam reforming. 





Fig.7.2: Methane Steam Reforming with descending ramp for the commercial catalyst A 
Methane conversion is around 50 % at 773 K while approaches totality at 900 K and above.CO2 
selectivity declines progressively from 86 % at 773 K down to 66 % at 990 K and 50 % at 1173 K, 
with a corresponding increase of CO selectivity. As a result, hydrogen yield has a maximum of near 
90 % around 900 K. No other products have been detected in significant amount. Comparison with 
thermodynamics shows that equilibrium conditions are approached at 573 K and nearly fulfilled at 
623 K and above. At 500 and 543 K the reaction is certainly under kinetic control.  
Conversion of methane over the K-doped catalyst, reported in Fig. 7.3, commercial catalyst B is 
lower than over the K-free catalyst below 1000 K, but with higher CO2 selectivity  (92 % at 773 K, 
71 % at 990 K) and lower CO selectivity. 
 
 
Fig. 7.3: Methane Steam Reforming with descending ramp for the commercial catalyst B 
 
Hydrogen yield. Equilibrium conditions are approached at 623 K and above.  
The reaction over the HMMC catalyst is faster in the temperature region, results of the MSR 




Fig. 7.4: Methane Steam Reforming with descending ramp for the HMMC. 
 
Over this catalyst equilibrium conditions are already fulfilled at 773 K, where methane conversion 
is 76 %, and remains at equilibrium at the end of the experiment at 1173 K. The maximum 
hydrogen yield is that allowed by thermodynamics at 623 K, 95 %.  
 
7.2.2 CO2 methanation 
The results obtained on methanation experiments are summarized in Fig.s 7.5-7.7. In the left 
sections, data obtained in stationary state upon increasing temperature, step by step, are 
reported, while in the right sections of the figures those data obtained in the same conditions but 
under step by step cooling are reported. In all cases, the trend of the concentrations of the 
products in the outflowing gas is constant at constant temperature, and a close correspondence 
occurs between the data recorded at the same temperature during the increasing and the 
decreasing temperature run. Thus, neither deactivation nor conditioning phenomena occur, in 
spite of the absence of any pretreatment.  
The conversion of CO2 over the K-free commercial catalyst A increases with increasing 
temperature up to T = 673 K (81 %) and then decreases. Selectivity to methane is total up to 773 K 




Fig. 7.5: CO2 hydrogenation process results in terms of CO2 conversion and CH4, CO yield obtained using 
Commercial catalyst A  
 
The comparison with the calculated thermodynamic equilibrium conditions [18], shows that 
reaction is near to thermodynamic control at 723 and 773 K, while conversion is under kinetic 
control at lower temperatures, when it increases with increasing temperature. The behavior is 
practically inversed by decreasing temperature showing that the catalyst does not undergo 
significant deactivation under these conditions. 
The experiments have been repeated with the K-doped commercial catalyst B. 
Fig. 7.6 CO2 hydrogenation process results in terms of CO2 conversion and CH4, CO yield obtained using 
Commercial catalyst B 
 
With this catalyst equilibrium is approached at 773 K but the system is under kinetic control at 
lower temperature. In this range, lower conversions are obtained at any temperature and also 
lower selectivity to methane is observed, CO being always coproduced. Over the HMMC catalyst 
equilibrium is approached again at 723 and 773 K. At lower temperatures (673 and 623 K) the CO2 
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conversion is higher on HMMC than on the commercial catalysts and selectivity to methane is 
total. 
 
Fig. 7.7 CO2 hydrogenation process results in terms of CO2 conversion and CH4, CO yield obtained using 
HMMC 
 
The higher conversion obtained on HMMC than on B catalyst can be mainly associated either to 
the higher Ni loading or to the different support chemical composition. 
In Table 7.1 the product compositions of the HCO2 and MSR experiments both with 80 Nml/min 
feed follow rate are compared at 773 K. We indeed can see that while after HCO2 over the three 
catalysts the reaction is very near equilibrium (taking into consideration experimental error), from 
SMR also at 80 Nml/min flowrate the reaction approaches equilibrium only over HMMC, while it is 
far from equilibrium over commercial catalyst A and, even more, over commercial catalyst B. 
 
Table 7.1 catalytic results in MSR and CO2 hydrogenation at 773K. 
 
Methane steam reforming   CO2 hydrogenation 
 
A B HMMC 
Thermodynamic 
eq   A B HMMC 
Thermodynamic 
eq 
COout 0,3% 0,1% 0,5% 0,1% COout 1,1% 1,1% 1,1% 0,8% 
CO2out 1,9% 1,7% 3,0% 3,0% CO2out 2,1% 2,1% 2,1% 1,9% 
CH4out 2,5% 3,1% 1,1% 1,3% CH4out 3,9% 3,6% 3,8% 3,8% 
H2out 8,7% 7,0% 13,5% 12,2% H2out 15,4% 16,2% 15,8% 16,2% 







The data reported in catalytic experiments show that the investigated catalysts are all 
active in both MSR and in CO2 hydrogenation reactions. The data show that the HMMC catalyst is 
more active than both K-free and K-doped industrial MSR catalysts. The better activity of the 
HMMC catalyst is likely associated, for both reactions, to the definitely higher nickel loading, as 
well as, maybe, to the different support. It is evident that the composition of the industrial MSR 
catalysts are determined by the need of a very prolonged stability, both in terms of reduced 
sintering of both the nickel active phase and the support, and on a limited formation of carbon 
residues. Calcium aluminates are stable and refractory materials allowing to stabilize nickel 
particles in the SR reaction conditions, even if they can in some way slightly reduce the activity of 
nickel with respect to alumina. In any case, we remark that the HMMC catalyst does not show any 
deactivation in a one-day-long experiment in MSR in our conditions.  
Our data confirm, also in our conditions, the slightly lower activity of the K-doped 
commercial SMR catalyst with respect to the K-free catalyst [4] in the MSR reaction. As said, K-
doping is useful to reduce carbon residue formation, in particular when natural gas treated 
contains significant amounts of higher hydrocarbons, propane and butane. The formation of 
carbon is in fact much more pronounced when higher hydrocarbons are treated. For this reason, 
in industrial plants a pre-reforming reactor is frequently used [15], working at lower temperature 
( 773 K), to steam reform higher hydrocarbons before the tubular reactor.  As remarked above 
our HMMC catalyst has a composition, which is comparable with that of pre-reforming catalysts. It 
seems interesting to remark that this catalyst, richer in nickel, is more active with respect to MSR 
even at 773 K, thus at a temperature where pre-reforming is usually conducted. Indeed, at this low 
temperature SR of propane and butane can already occur with high conversion and are much 
faster and favored than MSR. 
It is however to be remarked that the selectivity to CO2 is significantly higher, at low 
temperature when the SR reaction is under kinetic control, over the K-doped catalyst than over 
the others. This either indicates that K-containing catalysts are more active in water gas shift 
reaction (supposing CO is the primary product of the steam reforming process) or, in contrast, K-
doping also poisons retro-water gas shift reaction (supposing CO2 is the primary product of the 
reaction, and CO is the final product).  
The three catalysts tested in MSR have also been tested in the reverse reaction, i.e. MCO2. 
The trend of catalytic activity is the same for CO2 hydrogenation and MSR, i.e. HMMC > 
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Commercial catalyst A > Commercial catalyst B, as it might be expected from the “micro-
reversibility principle” [11]. In the cases of K-free catalysts, HCO2 reaction is highly selective to 
methane (approaching 100 %) until 673 K, when the maximum conversion is reached, allowing a 
methane yield near 85 %. In these conditions, the reaction is still under kinetic control in our 
experiments, being CO2 conversion still lower than that allowed by thermodynamics. At higher 
temperatures, however, when the reaction is, over these catalysts, already under thermodynamic 
control, CO is produced in significant amounts, as expected indeed by thermodynamics. A 
different situation is found over the K-doped catalyst, where conversion of CO2 is significantly 
lowered with respect to undoped catalyst, and 10% amounts of CO is formed upon CO2 
methanation also at low temperature (i.e. when thermodynamics allows complete CO 
hydrogenation). This behavior shows that the rate of the “methanation” steps (CO2 hydrogenation 
and CO hydrogenation) are both lowered by K-doping. However, the reduced CO2 conversion 
implies that either also the rate of the rWGS activity is reduced by potassium doping (supposing 
CO2 hydrogenation as the sequence rWGS+MCO) or CO2 hydrogenation is mainly parallel to rWGS. 
These data can be taken into consideration in parallel with the effect of K-doping on the selectivity 
to CO2 in MSR (see above). These data support the idea that a direct reversible way from CO2 to 
CH4, without the intermediacy of gas-phase CO, indeed exists and is predominant in both senses. 
Thus, CO2 hydrogenation and GRR ((3) and (-3)) are real inverse reaction whose reaction rates are 
both slowed down by K doping in both directions. The increased selectivity to CO by the 
hydrogenation side and to CO2 from the steam reforming side by K doping is a secondary effect: it 
indicates that rWGS reaction (-2) is both parallel to CO2 methanation and consecutive to CH4 
steam reforming, and is hindered at least at high temperature by K doping. 
On the other hand, it can be interesting to remark that we performed experiments in 
closely similar conditions at 773 K both feeding methane + water and feeding CO2 + hydrogen. At 
this temperature, the reaction is under (or near) equilibrium conditions from both sides only on 
the HMMC catalyst. With the two industrial catalysts, at 773 K the reaction is, in our experiments, 
near equilibrium from the hydrogenation side, while is far from equilibrium from the steam 
reforming side. This is apparently in contrast with the “microreversibility principle”. The easier 
explanation is that the state of the catalyst is not exactly the same in the two experiments. We can 
remind that the MSR have been recorded upon decreasing step-by-step the reaction temperature 
in a high steam feed, while HCO2 reaction has been done by increasing step-by-step the reaction 
temperature.  In this hypothesis it should be concluded that the two commercial catalysts would 
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be somehow deactivated during the higher temperature runs, in contrast to the HMMC catalyst 
that would be not. This is actually unlikely. An alternative possibility is that the two commercial 
catalysts suffer competition by water more than the HMMC catalyst. Thus, the excess of water 
could inhibit kinetically the reaction only over the commercial catalysts. 
 
7.4 Conclusions 
The data reported above, show that our HMMC is more active than industrial catalysts in 
the laboratory conditions, for both CO2 methanation and MSR. This is likely associated to 
the higher Nickel content of the HMMC. It is however clear that the commercial catalysts 
are designed and optimized for very long time on stream processes in MSR, where 
catalyst stability is a dominant factor. The experiments are anyway in good agreement 
with the microreversibility principle showing that a catalyst which catalyze an equilibrium 
reaction, also catalyze the reverse reaction. However the data suggest that for the 
commercial catalyst the amount of water vapor in the reaction medium is critical and may 
affect reaction rate.  
The data on commercial catalysts show that the presence of potassium decreases activity 
in both Co2 methanation and steam reforming, but may also have an effect on the 
reaction rate relative to WGS/rWGS equilibrium.  
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From the experiments above described, we can draw the following conclusions: 
 Both Nickel and Cobalt based catalysts are very active in Ethanol Steam Reforming (ESR) at 
773K and above. However, the catalytic activity is affected by the presence of boron 
impurities, residual from the preparation methods (metal reduction with NaBH4) for 
unsupported metal nanoparticles. In particular, the presence of borate species give rise to 
weak but stable catalytic activity, while the presence of borides give rise to very active 
catalysts that loose activity upon aging. The addition of Nickel to Cobalt improves the 
catalytic activity allowing yields in H2 of 83% at 773K and GHSV 324000h-1. The 
performances of unsupported (Co,Ni) bimetallic NPs, appears to be even better than those 
conventional supported catalysts. However, carbonaceous materials are present both as 
carbon nanotubes and graphitic carbon after catalytic reaction. 
 Silica supported Co catalysts also shows high activity in ESR but may deactivate forming 
large Co containing particles partially embedded in the silica/cobalt silicate surface. This 
species are not active in ESR but are also not active in producing carbon nanotubes in any 
case silica gel is shown to be not an efficient support for Co ESR catalysts.  
 It is confirmed that Nickel alumina is a good catalyst for CO2 methanation. I have shown 
here that Lanthanum doping of the alumina support increases significantly the activity of 
Nickel alumina for CO2 methanation as showed before also for ESR. The Ni@La2O3/Al2O3 
catalyst appear to be competitive with the more active but also more expensive Ru @Al2O3 
catalyst and result to be substantially stable in our laboratory conditions and upon times 
on stream on the order of 8 hours. The higher catalytic activity of La2O3 doped γ-alumina is 
attributed to the stronger basicity of the L a2O3 doped alumina support resulting in a 
stronger and more extensive adsorption of CO2. 
 Boron-free unsupported Co NPs as well as silica-supported Co are also active in CO2 
hydrogenation but produce both CO and methane. In particular, methanation activity is 
strongly reduced upon time on stream due to the formation of encapsulating carbon 




deactivation and this apparently associated to the activity of unreduced cobalt in the form 
of CoO and/or Co silicates. Boron impurities fully deactivate Co NPs for methanation. It 
seems in any case confirmed that Co both unsupported and supported on silica, is not a 
suitable catalyst for CO2 methanation.  
 Data obtained with cobalt catalyst, suggest that, at least in this case, methanation and 
RWGS follow two parallel ways, active in different sides. Due to the low activity of Co in 
methanation, it is also concluded that the formation of methane during ESR, which lowers 
H2 selectivity, is due to ethanol cracking more than to methanation.  
 Homemade Ni-Al2O3 catalyst (with 39% Ni), result to be more active than commercial 
methane steam reforming catalysts (Ni on Calcium aluminate), both in CO2 methanation 
and methane steam reforming. This is mainly attributed to the higher amount of Nickel. It 
is supposed that the composition of the commercial catalyst is optimized for very long time 
on stream applications. In any case the data obtained which will be used for kinetic 
modeling, confirm the validity of micro reversibility principle showing that the catalyst is 
active in catalyzing an equilibrium starting from both sides. 
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Appendix – Characterization Techniques 
 
a.1 xRay Diffraction on powders samples 
X-ray diffraction (XRD) is a method based on elastic scattering of X-ray radiation from target 
materials. This kind of scattering take place when the analyzed sample has a long-range organized 
structure that may interact with the X-ray’s wavelength, having the same order of magnitude (10-3 
nm < λ < 1 nm). The radiation focused on crystalline samples interacts with the atoms generating a 
new series of waves characterized by the same energy of the incident beam. The outgoing waves 
may interact between themselves and, depending on the optical path and then on the atom’s 
distance, it will be possible observe high intensity of the diffracted radiation just on particular 
directions. This effect may be described with the Bragg equation, considering the X-ray reflection 
on the lattice planes (Fig. a.1). In this example the constructive interaction between the arising 
waves, is obtained just if the path of the radiations is: 
2dhklsinθ = nλ 
Where dhkl represent the distance between the crystal’s planes; hkl are the Miller’s indexes of the 
considered planes and θ is the angle of incidence of the incoming radiation. With this equation it is 
possible to correlate the distance between the planes generating a particular reflection with the 




In particular, X-ray diffraction pattern from powder samples have been collected using a θ-2θ 






In this configuration, the sample holder is in the center of the goniometric circle and rotates 
around the axis perpendicular to the direction of the beam. This rotation, combined with both X-ray 
source and detector’s rotations allows the inspection and the collection of all the diffraction peaks. 
 
a.2 Infrared Spectroscopy.  
Infrared spectroscopy is a technique based on the vibrations of the atoms of a molecule. An 
infrared spectrum is collected using an infrared radiation and checking how much of the incident 
energy is absorbed at a certain wavenumber, that correspond to a certain energy. This energy could 
be directly related to a vibration frequency of a part of the molecule took in consideration. Infrared 
spectroscopy has the following selection rule: an electric dipole moment of the molecule must 
change during the vibration to have an infrared absorption. It is easy to understand, with this 
selection rule, that the interactions of infrared radiation with matter can be explained in terms of 
changes in molecular dipoles associated with vibrations and rotations. One of the easiest model is 
to think to a molecule made up as a system of masses joined by bonds with spring-like properties. 
The easiest example is a diatomic molecules, that have three degrees of translational freedom and 
two degrees of rotational freedom. The atoms of the molecules can also move relative one to the 
other, that is, bond lengths can vary or one atom can move out of its present plane. This is a 
description of stretching and bending movements. For a diatomic molecule, only one vibration that 
corresponds to the stretching and compression of the bond is possible. This accounts for one degree 
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of vibrational freedom. Polyatomic molecules containing many (N) atoms will have 3N degrees of 
freedom as schematized in Table a.1.  
Table a.1 
 
Fourier-transform infrared (FTIR) spectroscopy is based on the idea of the interference of 
radiation between two beams giving an interferogram. The latter is a signal produced as a function 
of the change of path length between the two beams. The two domains of distance and frequency 
are interconvertible by the mathematical method of Fourier-transformation. The radiation merging 
from the source passes through an interferometer and then to the sample before going to the 
detector. After an amplification of the signal and the elimination of the high- frequency contribution 
by a filter, the data are converted in a digital form and then transferred to the computer for Fourier-
transformation.  
Infrared spectroscopy is an extremely versatile technique so we can analyze, liquids, solids and 
gases; moreover in the heterogeneous catalysis field it is extremely important for the following 
characterization:  
 to know the catalysts properties and in particular the framework vibration, surface 
species, acidity, oxidation state of the ion, metal dispersion 
 definition of the interactions between the sorbent and the catalysts and particularly 
the properties of the surface groups, adsorption of acid or basic molecules, 
adsorption of reagent and products, intermediate species and modification of the 
oxidation state. 
In order to carry out the analysis, the material is assembled as a self-supported disk. Depending 
on the analysis that has to be done, two different preparation are available: the first one is the 
dilution of the catalyst in a material that is transparent to the IR window, as those reported in Table 
a.2. The latter one consists in the preparation of a pure powder thin disk that diffuses a little of the 






The position of metal-oxygen stretching bands depends on the nature of M-O bond (more is 
covalent, higher will be the stretching frequency) and on the weight of the metal atom (heavier, 
lower the stretching frequency). Metal oxygen bond are weaker than the corresponding bulk bond 
and some feature can be observed in the spectra of pressed disks of metal oxides, just above or near 
the cut-off due to bulk vibrations. In KBr, bulk vibrations will be detected in the region 1600 cm-1-
400 cm-1. The surface properties of a catalyst can be studied observing the IR spectrum of internal 
probe molecules, such as hydroxyl groups (-OH). In many other cases, we need external probe 
molecules in order to identify these sites, because the adsorption of a probe molecule on these sites 
induces a wavenumber variation, which can be related with the nature of the sites. This method is 
used to study the acidity of a material (Lewis and Brønsted acid sites) and the surface properties of 
metal particles.  
 
a.3 UV-vis-NIR (Ultraviolet, Visible and Near Infrared Spectroscopy) 
As all the spectroscopies, UV-Vis spectroscopy is based on the absorption of a particular 
wavelength from a sample due to the interaction between the incoming radiation and the energetic 
level characteristics of the absorbing species. The absorption bands occurring in the visible and near 
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ultraviolet region gives information on the electronic structure of a heterogeneous catalyst. The 
observed bands are related to different transitions between the electronic levels of the atoms, 
complexes, ion or molecules. In the study of catalysts and oxides, this technique is commonly used 
in diffuse reflectance. The molecular spectra are characterized by absorption bands with a wide 
wavelength range; for each state a large number of rotational and vibrational energy states exist, 
thus for each electronic state there are different energy values (E) that differ in small variation in 




This technique could be operated in transmission (for liquid, gases or transparent solids) or, as in 
the case of heterogeneous catalysts, in reflectance. In particular the radiation reflected from a 
crystalline powder is formed by two components: the former one is the reflected radiation without 
transmission, the latter one is the diffuse component, absorbed by the material, that reappears at 
the surface of the sample after multiple scattering. The commercial spectrophotometers reduces 
the former component and, using an integrating sphere, maximize the signal of the diffused 
component that is weaker than the incident beam. This sphere is coated with a high reflecting layer, 
like MgO or BaSO4 that reflects the diffuse light allowing the collection of a greater percentage of 
the diffuse radiation. Three different electronic transition should be taken into account;  
i. d-d transitions of transition metal complexes. The transition metal ions are characterized by 
a configuration 3dn or 4dn or 5dn. These orbitals are partially occupied so the incident beam 
allows the transitions of an electron from a d orbital to another. The energy of this transition 
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is a function of the symmetry of the complex, of the valence of the central metal of the 
nature of the ligand. These transitions are found in the UV range and more often in the visible 
part of the spectrum, and are responsible for the colors of many transition metal complexes. 
ii. Charge transfer. In this case, an electron transfers from an occupied orbital of a donor to an 
unoccupied orbital of an acceptor for organic molecules. In inorganic chemistry charge 
transfer happens when there is a transfer of an electron from an orbital mainly localized on 
the metal to an orbital mainly localized on the ligand (M→ L), or a transfer in the opposite 
direction (L → M). The absorption band that results from this transition is usually at higher 
energy than those of d-d transition, so they are found mainly in the ultraviolet region of the 
spectrum.  
iii. Electronic transitions across the forbidden energy gap like TiO2 and ZrO2, with absorption 
bands in the UV region.  
iv. Absorption in the visible region: promotion of the electrons of the same atom from low 
energy orbital to those at higher energy. 
v. π→π* and n→π * transitions. These involve respectively jump of π or n electrons between 
the molecular orbital of organic molecules. These transitions occurs in the UV range. 
 
a.4 Scanning Electron Microscopy and Energy-dispersive X-ray spectroscopy 
The Scanning Electron Microscopy (SEM) equipped with an Energy Dispersive X-ray Spectrometer 
is a very important and useful technique that allows the direct observation of the sample and the 
evaluation of its chemical composition.  
Being an electron microscopy, this technique is based on the interaction between an electron 
beam and the sample; the use of this kind of beam enable to achieve a much higher resolution than 
that obtainable with other techniques.  
In SEM instruments, the electron beam is generated by thermionic effects or, as in our case, by 
field emission guns. The Field Emission SEM, where a field emission gun is adopted, presents 
different advantages respect the thermionic source, mainly related to the stability and brightness 
of the produced beam. The electron beam generated, passes through the optical column where it 
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The interaction between the electron beam and the sample generates different kind of signals, 
as shown in Fig. a.5 but two of them are the most important to obtain different information about 




The Backscattered electrons signal is generated when the incident beam strikes the target sample 
and then a series of elastic scattering happens inside the sample itself. Finally, a percentage of the 
incident electrons, about the 30% of incident beam, arises from the surface and can be detected. 
The signal generated by the BSE allows obtaining compositional contrast since the number of the 
backscattered electrons reflected is strongly related to the atomic number of the sample. 
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Secondary electrons are generated instead by inelastic scattering phenomena. In fact, when an 
electron hits the sample, also inelastic scatter can have place and electrons of the sample itself may 
be ejected. The signal generated is a low energy electrons signal, due to weakly bounded conduction 
or outer valence shell electrons, and present a narrow peak distribution at very low energy, lower 
than 50 eV. Since their low-energy value, these electrons are emitted only if it happens close to the 
surface of the sample; therefore the signal obtained will be strongly related to the morphology of 
the sample itself.  
Signals detection requires different and specific detectors (Fig.a.5); high energy BSE are mainly 
collected throughout a solid-state detector, collocated usually at the exit of the optical column, low 
energy SE detection present instead different possibility. The most common detector for this signal 
capture is a detector directly placed in the sample chamber, named Everhart-Thornley detector, a 
combination of a scintillator and a photomultiplier with a Faraday cage acting as a filter; in fact its 
potential controls the fraction of electrons that will be detected. However, this detector is affected 
by different problems: it is impossible to remove the contribution arising from BSE emitted by the 
sample, and furthermore SE generated by the interaction between BSE and the walls of the chamber 
can be detected as well. So, to obtain a cleaner SE signal, and then a higher resolution of the 
morphology of the sample, it might be used an In-Lens detector. This kind of detector is placed 
inside the optical column, thus it is needed to force the SE signal in that direction. This is possible 
due to electromagnetic lenses, snorkeling lenses, which focus the signal coming from the sample’s 
surface to the detector. It is noteworthy that the use of In-Lens detector needs a very low working 
distance, i.e. distance between the exit of the optical column and the sample. This is a limitation 
since it does not allow using simultaneously the In-Lens detection and the EDX analysis 
Another very powerful technique coupled with a scanning electron microscope, is the Energy-
dispersive X-ray spectroscopy (EDX). This kind of technique allows both qualitative and quantitative 
analysis of a sample. In fact the high energy beam can create vacancies in the inner atom’s levels. 
Those vacancies are filled by the outer levels electrons, followed by the emission of element’s 
characteristic x-ray radiation that, according to Mosely’s law, allows the qualitative analysis and, 
subsequently, the qualitative ones. 
The FE-SEM and EDX analysis have been carried out on all the samples tested, since it allows to 
investigate directly both the particles dimension and morphology. The typical sample preparation 
depends on the nature of the sample itself. The fresh metal catalysts have been characterized by 
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dispersion of the powder in an appropriate solvent, followed by ultrasonic sonication, then few 
drops were dropped on the support. For what concern the supported catalysts, the sample was 
collected on an aluminum stab, stuck through a conductive adhesive tape, in order to obtain a good 
image.  
 
a.5 Adsorption and desorption of N2  
Specific Surface Area (SSA) is defined as the external surface of a solid available for the interaction 
with the environment. This parameter is particularly important from technologic applications since 
it gives an idea of the number of available active sites on the surface of a sample.  
A convenient way to determine the Specific Surface Area of a sample is based on the adsorption 
of gases on the surface. The adsorption is brought about by the forces acting between the solid and 
the molecules of the gas. These forces are of two main kind -physical and chemical- and they give 
rise to physical (or Van der Waals) adsorption and chemisorption, respectively. It is convenient to 
note that the physical forces are the same nature as the Van der Waals forces bringing about the 
condensation of a vapor to the liquid state.  
The quantity of gas taken up by a sample of solid is proportional to the mass m of the sample and 
it depends also, on the temperature T, the pressure p of the vapor and the nature of both the solid 
and the gas. If n is the quantity of gas adsorbed expressed in moles per gram of solid: 
𝑛=𝑓(𝑝,𝑇,𝑔𝑎𝑠,𝑠𝑜𝑙𝑖𝑑) 
For a given gas adsorbed on a particular solid maintained at a fixed temperature, below the 
critical temperature of the gas, we can rewrite the equation as:  
𝑛=(𝑝⁄𝑝0)𝑇,𝑔𝑎𝑠,𝑠𝑜𝑙𝑖𝑑 
being p0 the saturation vapor pressure of the adsorptive. This last equation is expression of the 
adsorption isotherm, i.e. the relationship, at constant temperature, between the amount of gas 
adsorbed and the pressure, or relative pressure, respectively.  
Gas adsorption is the most used techniques to evaluate the specific surface area and the pore 
size distribution. Among the different parameters useful to define the morphology of a material, in 
particular of a catalyst, we have:  
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  Specific surface area: surface for unit of material mass [m2/g]  
  Specific pore volume: volume of the pores for unit of mass [ml/g]  
  Pore diameter: this represent the diameter of the transversal section of each pore, making 
the approximation of a cylindrical pore that behaves, for catalytic effect, in the same way as 
the real pore. 
The description of the catalyst pore structure is obtained making the distribution of pore size that 
evaluate the pore volume for each pore diameter. The pore size could be classifies in different 
families in function of the diameters [1]: 
Micropores 0-2 nm 
Mesopores 2-50 nm 
Macropores 50 nm 
In order to obtain this pore size distribution, we do the adsorption desorption isotherm of N2 at 
78 K (nitrogen boiling point). In this way, we obtain the volume of adsorbed nitrogen for unit of 
mass at the equilibrium pressure, normally given as relative pressure P/P0, where P0 is the saturation 
pressure of N2 at 78 K. The amount of adsorbed gas at the equilibrium pressure P is given by the 
difference between the initial amount of N2 and the required amount to fill a part of the pore volume 
of the material. This isotherm is obtained point by point adding doses of gas to the material and 
measuring the N2 adsorbed amount with the help of a volumetric or gravimetric technique. In order 
to have a correct analysis of the pore volume, the material is pretreated in temperature (473 K in 
vacuum), in order to desorb the species eventually present. This mild temperature allows us to avoid 
modification of the surface area of the samples. The first obtainable value is surface area following 
the Brunauer- Emmett and Teller method (BET); this consist in an estimate of the nitrogen volume 
necessary to have a monolayer of adsorbed nitrogen (Vm). This equation is valid in the P/P0 range 
between 0.05 and 0.35. In reality during the development of the present work were used two 
method of extimation of the surface area and in particular the Single Point method and the 
Multipoint Method. It is easy to understand that the two methods differ each other for the number 
of points taken to get the surface area value [2]. The single point method, easy to be carried out, 
allows the calculation of the surface area from the following equation a.1  










P is the equilibrium pressure [kPa] 
P0 is the vapor pressure of N2 at its boiling temperature [kPa] 
M molecular weight [g/mol] 
NA Avogadro’s number [molecules/mol] 
A cross sectional area of the adsorbed molecule (for N2 A=0.162 nm2) [nm2]  
The multipoint method allows an evaluation of the BET taking, as suggested by the name, three 
or four point of the adsorbed volume in the P/P0 validity range. In this case the unsimplyfied BET 














     Equation a.2 
Where 
P is the equilibrium pressure [kPa] 
P0 is the vapor pressure of N2 at its boiling temperature [kPa] 
W weight adsorbed [g] 
Wm weight adsorbed in a complete monolayer [g] 
C is the kinetic constant that in a BET plot represents the intercept in the y axis (W/Wm). 
It is important to underline that from a complete adsorption-desorption isotherm different 
information could be obtained. The adsorption or desorption branches of the isotherm give the pore 
size distribution while the closing point of the hysteresis gives the total pore volume, as the volume 





Fig. a.6 - Types of isotherms hysteresis 
 
a.6) H2-TPR Hydrogen Temperature Programmed Reduction 
Temperature programmed reduction tests were used to evaluate the reducibility of metal oxides, 
mixed metal oxides and also metal oxides dispersed on the support. In this particular case 
Temperature Programmed Reduction tests (TPR) are used to identify and evaluate the reducibility 
of nickel species present on the alumina supported catalysts. In a typical H2-TPR test, the as-calcined 
catalyst is first purged with helium at 523 K for 30 minutes, and then reduced by a H2 gas mixture 
(normally Ar) while the temperature is ramped up from RT to the desired final value at a fixed rate. 
The TPR method could give a quantitative result if the TCD signal is calibrated so is obtainable the 
hydrogen consumption of the catalyst surface, as well as its high sensitivity to chemical changes 
resulting from promoters or metal/support interactions. Therefore, the TPR method is also suitable 
for quality control of different catalyst charges since deviations in manufacturing methods often 
result in different reduction profiles. In cyclic TPR-TPO, upon a first reduction, the sample is cooled 
down to room temperature in helium and then oxidized in a 20% O2/He gas mixture. The subsequent 





a.7) X-ray Photoelectron Spectroscopy (XPS)  
X-ray photoelectron spectroscopy (XPS) is a particular photoemission spectroscopy where X-rays 
are used to obtain the chemical composition of the surface region of a material. The goal of 
photoemission spectroscopy is to determine the kinetic energy of the wavevector of the emitted 
electrons. This is related to the high probability for the ejection of a core electron into an unbound 
state if a photon with an energy higher than the binding energy of that electron is absorbed. The 
kinetic energies of these directly produced photoelectrons can be measured, and give direct 
information on the sample.  
The possibility to produce a photoelectron is strictly related to the energy of the incoming 
radiation. If the radiation is in the ultraviolet or soft X-ray range, core level electrons can not be 
ejected; on the other hand, the energy is sufficient to eject valence electrons from bounds states. 
Elemental and chemical analysis is mainly carried out with energetic X-ray by probing 
photoelectrons originating from core levels and typically spans the energy range of few hundred to 
one or two thousands eV. XPS reveals chemical information of the surface region down to a fraction 
of percent.  
XPS spectra are obtained by irradiating a material with a beam of X-rays while simultaneously 
measuring the kinetic energy and number of electrons that escape from the top 0 to 10 nm of the 
material being analyzed. XPS requires high vacuum (P ~ 10−8 millibar) or ultra-high vacuum (UHV; P 
< 10−9 millibar) conditions  
Because the energy of an X-ray with particular wavelength is known, and because the emitted 
electrons' kinetic energies are measured, the electron binding energy of each of the emitted 
electrons can be determined by using an equation that is based on the work of Ernest Rutherford 
(1914):  
E binding = Ephoton – (Ekinetic + )  Equation a.3 
where Ebinding is the binding energy  of the electron, Ephoton is the energy of the X-ray photons 
being used, Ekinetic is the kinetic energy of the electron as measured by the instrument and  is the 
work function dependent on both the spectrometer and the material. The work function term  is 
an adjustable instrumental correction factor that accounts for the few eV of kinetic energy given up 
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by the photoelectron as it becomes absorbed by the instrument's detector. It is a constant that 
rarely needs to be adjusted in practice.  
Each element produces a characteristic set of XPS peaks at characteristic binding energy values 
that directly identify each element that exists in or on the surface of the material being analyzed. 
These characteristic spectral peaks correspond to the electron configuration of the electrons within 
the atoms, e.g., 1s, 2s, 2p, 3s, etc. The number of detected electrons in each of the characteristic 
peaks is directly related to the amount of element within the XPS sampling volume. To generate 
atomic percentage values, each raw XPS signal must be corrected by dividing its signal intensity 
(number of electrons detected) by a "relative sensitivity factor" (RSF), and normalized over all of the 
elements detected.  
 
a.8) Gascromatography and mass spectrometry analysis (GC-MS) 
GC-MS analysis were carried out with a Thermo Focus GC, with capillary column TC-SQC (30m 0.25 
mm x 0.25 m), coupled with a mass spectrometer ISQ (Fig. a.7), consisting in 3 parts, ionic source 
(ionization chamber), analyzer and a detector. 
 
 
Fig. a.7  Gascromatographer and mass spectrometer 
 
The sample (50 l) is manually injected with a syringe in a cylindrical chamber where, due to the 
high temperature ( 500-600K) the compounds are vaporized. La gaseous mixture is then transferred 
to the column by the carrier gas flux. The spectrometer is connected to the gas cromatographer 
through a transfer line inside the GC column. 
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The ionization chamber, as well as the other spectrometer parts, is under high vacuum (about 
0.04 mbar), vacuum obtained through a turbomolecular pump coupled with the analyzer.  
The gases enter the ionization chamber thanks to the pressure drop, inside the chamber 
electrons are generated by thermoionic effect (E ≈ 70eV). About 10 eV are enough to ionize the 
neutral species in the sample, the remaining energy will fragmentize the ionized specimens.  
The ionized gas pass through an electric field generated from charged plates where ions are 
accelerated and pushed to the detector (Fig a.8). 
 
 
Fig. a.8 – Mass Spectrometer scheme. 
 
Quadrupole magnetic detector consist in four steel cylindrical bars coupled with a electric 
generator. Ions coming out from the source and then accelerated enter in the detector where they 
are separated by the ion mass. Each ion is associated by a m/z ratio, for every electronic 
potential/radiofrequency assumed from the detector. Changing potential and radiofrequency 
different m/z will be detected. 
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